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ABSTRACT 

The demonstration of uncooled brittle materials in structural applications at 
2500oF is the objective of the "Brittle Materials Design, High Temperature Gas Turbine" 
program. Ford Motor Company, the contractor, will utilize a small vehicular gas 
turbine while Westinghouse, the subcontractor, will use a large stationary gas turbine. 
Both companies had in-house research programs in this area prior to this contract. 

A significant achievement in the vehicular turbine project was the successful 
engine test, 175 hours at 1930oF, of a silicon nitride stator.  Durability testing on a 
nose cone was extended to 246 hours, equalling the previously demonstrated durability 
of 245 hours on 1st and 2nd stage rotor tip shrouds. A "Refel" silicon carbide combustor 
previously demonstrated 171 hours durability, crack-free, including 20 hours at 2500oF. 
Two additional combustors of the same material were tested for 10 hours each. Eight 
hours of testing the stationary ceramic flowpath at 2500oF were accumulated; non-catas- 
trophic cracks occurred in the nosecone and stator after surviving three hours crack-free. 
Two stator vanes s-irvived 1000 cycles to 2500-2600oF plus 3720 cycles to 2900oF in the 
thermal shock rig. A poor quality partially bladed duo-density silicon nitride turbine 
rotor was tested for two hours with excursions to 1920oF and 33,600 rpm before failure. 
Two ceramic rotors with short blades were successfully proof spun to 64,000 rpm, cold, as 
part of a program to test ceramic rotors with phased increases in blade height. One 
of seven hot pressed rotor hubs, spun to determine material strength, achieved 111,800 
rpm before failure. 

A concentrated effort on turbine rotor fabrication development was initiated. 
Improvements in the rotor fabrication processes have been made.  Reduction of the MgO 
content increased the hot strength of the hot-pressed silicon nitride rotor hub material. 
Over 500 rot^r blade rings were fabricated using the injection molding process and some 
high density rotor blade rings were also fabricated by slip-casting. The lower stressed 
Design D' rotor blade ring injection molding tooling was received and checkout initiated. 
Improvements in the nitriding cycle and injection molding process produced 2.7 gm/cm^ 
test bars with a characteristic 4 point bend strength of 44.3 ksi with a Weibull slope 
of 6.8; this represents a considerable improvement over the 17,000 psi strength of 
2.3 gm/cra^ silicon nitride developed earlier in the program. A stress rupture test on 
2.7 gm/cm-S injection molded material was suspended without failure after 1159 hours at 
2300-2400oF and stresses in 4 point bending of up to 35 ksi. This is a significant 
improvement over a previous creep test on 2.55 gm/cm^ material when failure occurred at 
35 ksi at 2300oF. 

The goal of the stationary turbine project is to demonstrate ceramic stator vanes 
operating at a maximum temperature of 2500oF for 100 cycles simulating peaking service 
conditions. The original goal to accomplish this in an advanced gas turbine engine was 
revised to complete the demonstration in a static test rig. Sixty cycles have been 
completed in the static test rig with the total time at temperature (2500oF) approaching 
three hours and three of the original eight vanes remain crack-free. Twenty-eight 
tapered-twisted silicon nitride airfoils and 24 end caps of the 3rd generation (advanced 
turbine) design were received for the 2500oF static rig test.  Physical properties 
of the boron nitride insulators are reported. A tensile creep test of NC-132 silicon 
nitride was suspended without failure after 10,000 hours at 2100oF and 10,000 psi. 
The effect of static oxidation in the 2000-2500oF range on the high temperature strength 
of NC-132 was determined. Several CVD coatings were applied to NC-132 to reduce the 
strength degradation observed due to oxidation; preliminary' results are presented. 
Experimental silicon nitride billets hot-pressed with yttria showed negligible weight 
gains at 1800 and 2500oF in an oxidizing atmosphere for periods up to 300 hours. 
High purity alpha silicon nitride powder of low oxygen content can now be produced 
at the rate of 8-9 kg/month. 
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FOREWORD 

This report is the ninth semi-annual technical report of the 
"Brittle Materials Design, High Temperature Gas Turbine" program 
initiated by the Advanced Research Projects Agency, ARPA Order Number 
1849, and Contract Number DAAG-46-71-C-0162. This is an incrementally- 
funded six year program. 

Since this is an iterative design and materials development 
program, design concepts and materials selection and/or properties 
presented in this report will probably not be those finally utilized. 
Thus all design and property data contained in the semi-annual reports 
must be considered tentative, and the reports should be considered 
to be illustrative of the design, materials, processing, and NUT 
techniques being developed for brittle materials. 

The principal Investigator of this program is Mr. A. F. McLean, 
Ford Motor Company, and the technical monitor is Dr. A, E. Gorum, 
AMMRC. The authors would like to acknowledge the valuable contri- 
butions in the performance of this work by the following people: 

Ford Motor Company 

N. Arnon, P. Beardmore, J. H. Buechel, D. J. Cassidy, J. C. Caverly 
D. A. Davis, G. C. DeBell, E. F, Dore, A. Ezis, W. A. Fate, E, A. Fisher, 
M. U. Goodyear, J. W. Grant, D. L. Hartsock, P. H. Havstad, R. A. Jeryan, 
C. F. Johnson, K. H. Kinsman, C. A. Knapp, J. G. LaFond, J. A. Mangels, 
W. E. Meyer, M. E. Milberg, W. M. Miller, T. G. Mohr, P. F. Nicholls, 
A. Paluszny, G. Peitsch, J. J. Schuldlos, J. R. Secord, L. R. Swank, 
W. Trela, J. Uy, T. J. Whalen, R. M. Williams, W. Wu 

W^scinghouse Electric Corporation 

C. A. Andersson, C. R. Booher, Jr., C. B. Brenneman, E. S. Diaz, F. F. Lange, 
G. L. Levari, W. Malchman, S. Mumford, A. Scalzo, S. C. Singhai, J. White 

Army Materia? and Mechanics Research Center 

G. E. Gazza, E. M. Lenoe, R. N. Katz, H. Priest 
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1.  INTRODUCTION 

As stipulatfed by the Advanced Research Projects Agency of the Department 
of Defense at the outset of this program, the major purpose is to demonstrate 
that brittle materials can be successfully utilized in demanding high temperature 
structural applications. ARPA's major program goal is to prove by a practical 
demonstration that efforts in ceramic design, materials, fabrication, testing 
and evaluation can be drawn together and developed to establish the usefulness 
of brittle materials for engineering applications. 

The gas turbine engine, utilizing uncooled ceramic components in the hot 
flow path, was chosen as the vehicle for this demonstration. The progress of the 
gas turbine engine has been and continues to be closely related to the development 
of materials capable of withstanding the engine's environment at high operating 
temperature. Since the early days of the jet engine, new metals have been 
developed which have allowed a gradual increase in operating temperatures. 
Today's nickelchrome superalloys are in use, without cooling, at turbine inlet 
gas temperatures of 1800° to 1900oF. However, there is considerable incentive 
to further increase turbine inlet temperature in order to improve specific air 
and fuel consumptions. The use of ceramics in the gas turbine engine promises 
to make a major step in increasing turbine inlet temperature to 2500 F. Such 
an engine offers significant advances in efficiency, power per unit weight, 
cost, exhaust emissions, materials utilization and fuel utilization.  Successful 
application of ceramics to the gas turbine would therefore not only have military 
significance, but would also greatly influence our national concerns of air 
pollution, utilization of material resources, and the energy crisis. 

From the program beginning, two gas turbine engines of greatly different 
size were chosen for the application of ceramics. One is a small vehicular 
turbine of about 200 hp (contractor Ford) and the other is a large stationary 
turbine of about 30 MW (sub-contractor Westinghouse). One difference in 
philosophy between the projects is worth noting. Because the ceramic materials, 
fabrication processes, and designs are not fully developed, the vehicular 
turbine engine was designed as an experimental unit and features ease of 
replacement of ceramic components.  Iterative developments in a component's 
ceramic material, process, or design can therefore be engine-evaluated fairly 
rapidly. This work can then parallel and augment the time-consuming ef -rts 
on material and component characterization, stress analysis, heat transfer 
analysis, etc. Some risk of damage to other components is present when 
following this approach, but this is considered out-weighed by the more rapid 
acquisition of actual test information. On the other hand, the stationary 
turbine engine is so large, so expensive to test, and contains such costly and 
long lead-tim^ components which could be damaged or lost by premature failure, 
that very careful material and design work must be performed to minimize the 

possibilit> of expensive, time-consuming failures. 

It should be noted that both the contractor and sub-contractor had in- 
house research programs in this area prior to initiation of this program. 
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Silicon nitride and silicon carbide had been selected as the primary material 
candidates. Preliminary design concepts were in existence and, in the case 
of the vehicular engine, hardware had been built and testing had been initiated. 

At the out-set, the program was considered to be both highly innovative 
and risky. However, it showed promise of large scale financial and techno- 
logical payoff as well as stimulation of the pertinent technical communities. 
This reporting period is in the fifth year of the program and major accomplish- 
ments have been achieved, including the first 100 hour durability demonstration 
of stationary ceramic hot flowpath components (a nose cone and stator, two 
shrouds and a spacer) in an engine completely coupled with a control system 
and producing power. 

This is the 9th semi-annual report of progress. The format is the same 
as the last report, in that it is organized into two major sections. This 
was done because the technology is rather specifically related to the objectives 
of each project.  In addition, the widespread interest from the turbine 
technology community centers on either the vehicular turbine project or the 
stationary turbine project. Each section will be complete in itself and will 
include its own introduction, to be of more help to the reader. The two 
sections are titled: 

- Vehicular Turbine Project 
- Stationary Turbine Project 

hiü. . ^ ^  



INTRODUCTION AND SUMMARY-VEHICULAR TURBINE PROJECT 

• 

The principal objective of the Vehicular Turbine Project js^ develop 

cera.ic exponents and de-strate f^^ t
20

f Jp ^wiU co^rise ..cooled 
vehicular gas turbine engine  The entire hot    P      d   200 hours o£ 

parts. The attainment 0V* ^tf evele at turbine inlet temperatures of 
operation over a representative duty 2^. f ^^bjective demonstrates that 
S£ to 2500oF. Successful completion of.^is program «^ct esent a 

istics when compared with the piston engine. 

-   Continuous combustion with inherently low exhaust emissions 

Multi-fuel capability 

Simple machine - fewer moving parts 

Potentially very reliable and durable 

Low maintenance 

Smooth, vibration-free production of power 

Low oil consumption 

Good cold starting capabilities 

Rapid warm-up time 

veh:.cle manufacturer in the world 

in addition, the small gas turbine engine «"h-™^ ^^ed 

generator sets, pump and compressor f^es air ^^^ ™ ^ 

engines. While this variety U-L ap^o. eneine has been 
superalloys is i^ssi.e^  widesptead use ° s 

hls^ irparticularly so 
hampered by two major barriers, etticiency anu 
in the case of high volume automotive applications. 

Since the gas turbine is a ^at engine efficiency i^dir^ctlyrelated^o^^ 

cycle temperature. In current »»?" «J» ^"^"gl^ coü?d produce temperatures 

^iin^rs^sS^^Lt-rr^abiÄ^s-f ^ i*&*m ^^ 

\ 
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Today, nickel-chrome superalloys are used in small gas turbines where blade 
cooling is impractical, and this limits maximum turbine inlet gas temperature 
to about 1800 F. At this temperature limit, and considering state-of-the-art 
component efficiencies, the potential overall efficiency of the small regener- 
ative gas turbine is not significantly better than that of the gasoline engine 
and not as good ag the Diesel. On the other hand a ceramic gas turbine engine 
operating at 2500 F will have fuel economies superior to the Diesel at signifi- 
cant weight savings. SM-JI«*** 

The other major barrier is cost and this too is strongly related to the 
hot component materials. Nickel-chrome superalloys, and more significantly cobalt 
based superalloys which meet typical turbine engine specifications, contain 
strategic materials not found in this country and cost well over $5/lb • this is 
excessively costly with respect to high volume applications such as trucks or 
automobiles. High temperature ceramics such as silicon nitride or silicon carbide 
on the other hand, are made from readily available and vastly abundant raw materials 
and show promise of significantly reduced cost compared to superalloys, probably 
by at least an order of magnitude. ' » r    / 

Thus, successful application of ceramics to the small gas turbine engine, 
with an associated quantum jump to 2500oF would not only offer all of the 
attributes listed earlier, but in addition offer superior fuel economy and less 
weight at competitive cost with the piston engine. 

. 
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2.1 VEHICULAR TURBINE PROJECT PLAN 

The vehicular turbine project is organized to design and develop an entire 
ceramic hot flow path for a high temperature, vehicular gas turbine engine. 
Figure 2.1 shows a schematic of this regenerative engine. Air is induced through 
an intake silencer and filter into a radial compressor, and then is compressed and 
ducted through one side of each of two rotary regenerators. The hot coiapressed 
air is then supplied to a combustion chamber where fuel is added and combustion 

takes place. 

Combustor 

Regenerator 

Regenerator 

Figure 2.1    Schematic View of the Vehicular Gas Turbine Engine 
Flowpach 

The hot gas discharging from the combustor is then directed into the turbine 
stages by a turbine inlet nose cone. The gas then passes through the turbine 
stages, which comprise two turbine stators, each having stationary airfoil blades 
which direct the gas onto each corresponding turbine rotor.  In passing through 
the turbine, the gas; expands and generates work to drive the compressor and 
supply useful power. The expanded turbine exhaust gas is then ducted through 
the hot side of each of the two regenerators which, to conserve fuel, transfer 
much of the exhaust heat back into the compressed air. The hot flow path components, 
subject to peak cycle temperature and made out of superalloys in today's gas turbine, 
are the combustor, the turbine inlet nose cone, the turbine stators, the turbine 
tip shrouds, and the turbine rotors. These are areas where the use of ceramics 
could result in the greatest benefits, therefore these components have been 
selected for application in the vehicular turbine project. 
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Kuntings and attachments between metal and ceraBic parts within the engine are 

to move on to the next link in the development chain.     If unsuccesstul tne tesr 
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each one feeds into the total iterative system. 
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ACTIVITIES  FOR  FINAL  25000F DEMONSTRATION 
ITERATIVE  DEVtLOPMENT ACTIVITIES  CURRENTLY  UNDERWAY 

Figure 2,2 ARPA/Ford Ceramic Turbine Program-Major Project 

and Development Loops 



2.2 PROGRESS AND CUMULATIVE STATUS SUMMARY - VEHICULAR TURBINE PROJECT 

To meet the program objectives, the work has been divided into two major 
tasks: 

1. Ceramic Component Development 

2. Materials Technology 

The progress and present status in each of these is summarized in Section 2.2.1 
and 2.2.2. 

2.2.1    CERAMIC COMPONENT DEVELOPMENT 

Two categories of ceramic components are under development: rotating 
parts (i.e. ceramic rotors), and stationary parts (i.e. ceramic Stators, 
rotor shrouds, nose cones, and combustors).  In this iterative development, 
each component will pass through various phases comprising design and analysis, 
materials and fabrication, and testing. 

Ceramic Rotors 

The development of the ceramic turbine rotors is by far the most difficult 

task in the ARPA program. This is because of: 

.the very complex shape of the turbine rotor forcing the development 
of new and unique fabrication capabilities. 

.the high centrifugal stresses associated with maximum rotor speeds of 
64,240 rpm. 

.the high thermal stresses and associated thermal fatigue resulting from 

both steady state and transient high temperature gradients from the rotor 
rim to the rotor hub. 

.the hostile environment associated with the products of combustion 
from the combustor. 

.the high temperature of the uncooled blades resulting from turbine 
inlet gas temperatures of 2500 F. 

The fabrication of flaw-free ceramic turbine rotors is a formidable task 
which must be accomplished before durability testing can be initiated with a 
reasonable chance of success. Section 2.3 (8) ("Future Plans" in the last report), 
indicated the necessity of emphasizing and increasing the effort on rotor 
materials development and rotor process development. The duo-density rotor 
concept is a complex fabrication process involving a multiplicity of operations 
and considerable time. Therefore a Turbine Rotor Task Force was established in 
Octobei, 1975, to maximize the effort on duo-density Si3^ turbine rotor fabrication 

by deferring all work on stationary ceramic component fabrication and material 
problems.  The goal of the Task Force is to develop a repeatable process for the 
successful fabrication of duo-density turbine rotors which are, by best available 
NDT techniques, flaw free. 

Note: Numbers in parentheses refer to references listed in Section 8, 
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Progress and Status 

• Fully dense SigNit first and second stage integral rotors were designed and 
analyzed Cl»2»3»4J# 

.A method of attaching rotors was conceived and designed C1»2). 

.The following approaches for making integral rotors were investigated but 
discontinued: 

-Direct hot pressing of an integral Si3^ rotor C1). 

-Ultrasonic machining of a rotor from a hot pressed Si3!^ billet 
^1, 2 , dj ^ 

-Hot pressing an assembly of individually hot pressed Si3!^ blades 

-Pseudo-isostatic hot  pressing of an injection molded SiaNi, preform 
(_ 1, 2 , 31 

■Hot pressing using comformable tooling of preformed Si3Ni+ blades 
and hub (.2>^>k). 

-Fabrication of a dense SiC blade ring by chemical vapor deposition 
(1,2,3,4). 

-Electric discharge machining of a rotor from a hot pressed SiC billet 
(.2 , 3, H ) 

.A "duo-density" Si3!^ ceramic rotor was conceived and designed (3). 

.Tooling to injection mold Si3Ntt blade rings was designed and procured (3). 

.Over 305 hot press bonding of duo-density rotors were carried out l-9-. 

These have progressed from rotors with flat-sided hubs to current fully- 
contoured hubs Tiiade simultaneously with the hot press bonding operation.  Prior 
severe blade ring distortion problems have been solved by using a double blade 
fill to support the blade ring during bonding.  In addition, the diffusion ' ond 
has been improved to its current excellent quality as evidenced by microstructural 
examination. New experiments were conducted using magnesium nitrate instead 
of magnesium oxide as a densification aid. Excellent bonding and density 
were achieved but strength was deficient. Successful modifications were 
made to the graphite wedge system to reduce blade ring cracking and tearing 
problems.  Problems which, remain are occasional blade ring and rim cracking 
1^,5,6,7,8). 

.Over 110 cold spin tests resulted in blade failures over a range of speeds, 
some of which exceeded full speed requirements of the new Design D' blading. 
However, an improvement in consistency is required if a reasonable yield from 
the blade ring fabrication process is to be achieved. This emphasizes the 
need for three-dimensional blade stress analysis as well as development of a 

higher strength, better quality blade'material. Cold spin testing of rotor hubs 
of hot pressed Stf^Ni, showed a characteristic failure speed of 115,965 rpm with 
a Weibull rpm slope of 17.66 (7). Several hot pressed hubs, made by the hot 
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press bonding process, were cold spun to destruction, and showed results 
consistent with the hot pressed hubs. A high speed motion picture study 
(3000 frames/sec) was conducted of a turbine rotor failure in the cold spin 

pit. 

.A three dimensional model of the rotor blade along with heat transfer 
coefficients has been generated for three dimensional thermal and stress 

analysis (5>6»8). 

.Development of better quality blade rings continues.  X-ray radiography of 
green parts has proved effective in detecting major flaws. Slip cast SigN^ 
test bars having a density of 2.7 gm/cm3 show four point MOR of 40,000 psi 
therefore, processes to slip rast a rotor blade ring are under investigation 
as are methods of achieving 2.7 gm/cm3 density with injection molded material 
(6,7,8). 

.Thermal shock teeing simulating the engine light-off condition was conducted 
on rotor blade rings for approximately 2,500 cycles without damage f-5»6). 

.A technique to evaluate probability of failure using Weibull's theories was 
developed and applied to ceramic rotors (5J. 

.A test rig was designed and built to simulate the engine for hot spin testing 
of ceramic rotors C3.4»5). A set of low quality duo-density rotors was spin 
tested to 20% speed and 1950oF for a short time before failure, believed due 

to an axial rub t7-' . 

.A revised rotor design (Design D) was conceived, using common rotors at both 

first and second stage locations (7K 

.A lower stress version of the Design D rotor, designated Design D', has been 
designed using radially stacked blade sections.  Blade centrifugal stresses 
were reduced from 21,000 psi in resign D to 13,180 psi in Design D' ^K 

.The rotor test rig was rebuilt and testing initiated to evaluate the rotor 
attachment mechanism and the curvic coupling mounting design. Hot-pressed 
SiaNi* rotor hubs were subjected to 10 operating cycles from 900 to 1950 F, 
during a 3-3/4 hour test, without damage (8). 

.Design codes for ceramics were refined to include nonlinear thermal properties 
of materials and to allow for x.he  specification of the MOR-strength and 
Weibull "m" requirements for a given failure at a specified loading and 

reliability level (9). 

.Rotor hubs were successfully densified and press bonded at both 2% and 3-1/2% 
MgO levels, resulting in elimination of MgO migration into the blade ring and 
improved high temperature strength over previous pressings with 5% MgO C9). 

.A Design C duo-density rotor with a few obvious flawed blades removed was 
cold spin tested after static oxidation at 1900oF for 200 hours. A single 
half-blade failure occurred at 53,710 rpm, which corrects to 68,000 rpm or 
105% speed for the present shorter bladed Design D configuration. The results 
of a number of spin tests of slip cast Si3Ni.  blade segments were combined to 
yield a median failure speed of 64,000 rpm (9). 

.Over five hundred blade rings were injection molded for press bonding experiments, 
cold spin tests, and hot tests *-9-'. 

. 
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.New tooling to injection mold lower stressed Design D* rotor blade rings was 
received and trial moldings to establish molding parameters were initiated ,-9-'. 

.Progress has been made in several aspects of the press-bonding step of duo- 
density rotor fabrication. A problem of excessive deflection of the graphite 
support structure beneath the rotor assemlby, permitting bending and subsequent 
blade fracture, was solved by the substitution of high modulus hot pressed SiC 
for the low modulus graphite.  Increasing the rate of pressure application 
also improved the quality of the hub sections t9-'. 

.A new hot spin test rig, designed to improve the tum-around-t?me in testing 
turbi le rotors, has been constructed, and is currently in the shakedown testing 
phase. Using gas burners instead of a gas turbine combustion system, this rig 
simulates the engine environment and was designed to be quickly rebuilt following 
rotor failures (9^. 

,In the program to engine evaluate ceramic rotors having reduced blade length 
(and less risk of catastrophic failure), two duo-density Si^N^  rotors with the 
blades shortened to 10% of the design length have been selected and cold spun 
to 64,000 rpm ^ . 

.The aerodynamic design of the increased efficiency Design E turbine was initiated. 
Flowpath optimization, a one dimensional stress analysis, and preliminary detailed 
blade section definition were completed for both the first and second stage 
turbine stators and rotors (9). 

.A process has been developed to slip cast turbine rotor blade rings C9). 

Ceramic Stators, Rotor Shrouds, Nose Cones, and Combustorr, 

While development of the ceramic turbine rotor is the most difficult task, 
development of the stationary ceramic flow path cgmponents is also necessary 
to meet the objective of running an uncooled 2500 F vehicular turbine engine.  In 
addition^ success in designing, making, and testing these ceramic components will 
have an important impact on the many current applications of the small gas turbine 
where stationary ceramics alone can be extremely beneficial. The progress and 
status of these developments is summarized below, taking each component in turn. 

Progress and Status 

CERAMIC STATORS 

.Early Design A first stage stators incorporating the turbine tip shrouds had 
been designed, made by assembling individual injection molded SisN^ vanes, and 
tested, revealing short time thermal stress vane failures at the vane not OJ. 

Investigations of a number of modified designs led to Design B where the rotor 
shroud was separated from the st£ 
at the vane root were eliminated 
shroud was separated from the stator. Short time thermal stress vane failures 

.In the fabrication of stators, the starting silicon powder, the molding mixture 
and the nitriding cycle were optimized for 2.2 gm/cm^ density (18 ksi-MOR) 
material (2> 3J. 

.Engine and thermal shock testing of first stfge Design B stators revealed a 
longer term vane cracking problem at the van.? mid-span. This led to modification 
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of the vane cord, designated the Design C configuration, which solved the vane 

raid-span cracking problem. 

A remaining problem in first and second stage Design B stators was cracking of 
outer shrouds, relieved due to the notch effect between adjacent vanes. To solve 
this, tooling for a one-piece first stage Design C stator was procured ^  >  K 

.The Design B second stage stator could not be made in one piece due to vane 
overlap, so an "inverted channel" design was investigated to eliminate notches 
at the stator outside diameter. However, engine testing showed that axial 
cracking of the outer shroud remained a problem l3.1*.5. ). 

.A 50 hour duty-cycle engine test of the hot flow path components to 1930 F was 
completed. The assembled first stage Design C stator was in excellent condition, 
some vanes in the second stage inverted channel stator had developed fine 

cracks t6-). 

A 100 hour duty-cycle engine test of the hot flow path components (without a 
'second stage stator) to 1930°? was corapleted. The one piece first stage Design C 

stator successfully survived this test C7-'. 

.Iraproveraents in materials and processing resulted in the fabrication of flaw 
free one piece stators of 2.55 gm/cra3 density (-8J. 

.A test was devised for mechanically loading stator vanes to failure which 
provided useful information for material and process development I ). 

.Thermal shock testing of 2.7 gm/cra3 density stator vanes revealed no detectable 
cracking and negligible strength degradation after 9000 cycles of heating to 

2700OF and cooling in the thermal shock rig W. 

.Processing of 2.55 gm/cra3 density injection molded stators continued. Consistently 
high weight gains (61-62^) have been obtained using the Brew all-metal furnace 
employing a slow, gradual rate-of-rise cvcle, 4% H2- 96% N2 gas under static 
pressure, and SijH^  setters and muffles (-9-'. 

.An injection molded stator of 2.55 gm/cra3 density SigN^ survived static testing 
(no rotors) for 175 hours at 1930oF steady state. Weight gain of the stator was 
less than 1%, which stabilized after 10 hours of testing. The stator is in 

excellent condition (9). 

.Testing of stators up to 2500OF in the Flow Path Qualification^est Rig was 
initiated with over eight hours of testing accumulated at 2500 F (9). 

CERAMIC ROTOR SHROMDS 

.Separate first and second stage ceramic rotor shrouds, which are essentially 
split rings, evolved in the stator change from Design A to Design B <• J. 

.As a result of rig and engine testing, rotor shrouds made of cold pressed, 
reaction sintered Si3% were modified to have flat rather than conical side 

faces ^2)# 

.Because of occasional cracking, cold pressing was replaced with slip casting for 
making higher density rotor shrouds, resulting in 2-3 times increase in strength 
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.Slip casting of rotor shrouds solved the cracking problem but revealed a 
dimensional change problem as a function of operating time. This was solved 
by incorporation of nitriding aids and heat treatment cycles and other changes 
in the fabrication process which reduced instability to acceptable levels (.>>). 

.A 50 hour duty cycle engine test of the hot flow path components to 1930 F was 
"completed, after which both first and second stage rotor shrouds were in excellent 

condition f6). 

.A 100 hour duty-cycle engine test of the hot flow path components to 1930 F was 
"completed, after which both first and second stage rotor shrouds were in excellent 

condition t7-'. 

.Further testing of rotor shrouds to 245 hours and over 100 lights showed 
them to remain crack free and in excellent condition C J. 

CERAMIC NOSE CONES (with integral transition duct) 

.Early Design A nose cones had been designed, made from injection molded 
reaction sintered SiaNit, and tested C1). 

.The nose con- was modified to Design B to accommodate the Design B first Stage 
stator.  Several Design B nose cones were made and tested in rigs and engines  J. 

.Voids in molding nose cones were minimized b/ preferentially heating the tooling 

during molding C5-' . 

.Circumferential cracking and axial cracking problems led to preslotted, scalloped 

nose cones designated Design C C3»1*»5»6), 

.A 50 hour duty-cycle engine test of the hot flow path components to 1930 F was 
completed, after which ths resign C nose cone was in excellent condition t"J. 

.A 100 hour duty-cycle engine test of the hot flow path components to 1930 F 
was completed, after which the Design C nose cone was in excellent condition  -'. 

.Further such testing of the nose cone to 221 hours showed it to remain crack 
free and in excellent condition (7). 

.Improvements in materials and processing resulted in the fabrication of flaw 
free nose cones of 2.55 gm/cm3 density C8). 

.Processing of 2.55 gm/cm" density injection molded nose cones continued. 
Consistently high weight gains (61-62%) have been obtained using the Brew 
all-metal furnace employing a slow, gradual rate-of-rise cvcle, 4% H - 96% N 
gas under static pressure and SisNif setters and muffles C9J. 

.Testing of nose cones up to 2500oF in the Flow Path Qualification Test Rig was 
initiated with over eight hours of testing accumulated at 2500 F t9j. 

12 
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CERAMIC COMBUSTOR 

.Comburtor tubes made of slip cast Si3^ and various grades of recrystallized SiC 
(Crystar) cracked during light off tests in the combustor rig ( ). 

.A combustor tube made of reaction sintered SiC (REFEl) seccessfully survived 
171 hours of rig testing simulating the engine duty cycle with 20 hours at 
2500OF combustor outlet temperature (^. This combustor was also successfully 

tested in an engine W. 

.Two additional "REFEL" silicon carbide combustors were successfully qualified 
over a 10 hour portion of the ARPA durability cycle (9). 
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2.2.2 MATERIALS TECHNOLOGY 

Materials technology forms the basis for component development including 
component deign! component fabrication, material quality in the component 
S-made, and evaluation by testing. There are three major categories under 

Materials technology-materials engineering data, ^fj1^^T^e 
non-destructive evaluation. Progress and present status in each of these 

areas is suimnarized below: 

Materials Engineering Data 

.Techniques were developed and applied f^/0«^1^« ^^^^^(S) 
ceramic disks with bend test specimens using Weibull probability theories  J. 

.Elastic property data as a function of temperature was determined for various 

grades of cilicon nitride and silicon carbide ^>   >   >   >  >  '    . 

.The flexural strength vs temperature of several grades of SiC and Si 3^ was 

determined C3.^5»^»9) . 

.The compressive strength vs temperature of hot pressed SiC and hot pressed 

SiaNt, was determined CO, 

.Creep in bending at several conditions of stress and temperature was determined 

for various grades of reaction sintered silicon nitride ^ ,   >   >  ). 

The specific heat vs temperature of 2.23 gm/cm3 reaction sintered SiaN^ was 
•^LSed as were thermal conductivity and thermal ^ivity vs temperature 
for both 2.23 gm/cm3 and 2.68 gm/cm3 reaction sintered SigN,, ^ J. 

Stress-rupture data was obtained for reaction sintered silicon nitride under 

several conditions of load and temperature ^ -». 

.A group of 31 2.7 gm/cm3 density injection molded Si.N, test bars, made 
using the best current, nitriding cycle and an atmosphere of U  H2, 96« N2, 
resulted in a Weibull characteristic strength of 44.3 ksi and an m value of 
6 8  AddUional material development work is aimed at obtaining a higher 

m value C9). 

Materials Science 

.A technique was developed and applied to perform quantitative x-ray diffraction 

analyses of the phases in silicon nitride I J. 

.An etching technique was developed and used for the study of the microstructure 

of several types of reaction sintered Si 3!^ *• ^ . 

.The relationship of some processing parameters upon the properties of reaction 

sintered Si3!^ were evaluated C3.lt»5»6J, 

The oxidation behavior of 2.2 gm/cm3 density Si3^ was determined at several 
different temperatures. The effect of oxidation was found to be reduced when 

the density of reaction sintered Si 3^ increased t . J. 

The relationship of impurities to strength and creep of reaction sintered 
"silicon nitride was studied and material was developed having considerably 

improved creep resistance O.5'6»9-'. 
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.Fractography and slow crack growth studies were performed on reaction sintered 
SiC y-5)  and hot pressed SijNij (6>7). 

.The development of sintered Sialon-type materials was initiated (7). The effects 
of Yttria additives are being studied especially as it relates to the formation 
of glassy phases (8J. 

.A higher density (2.72 gm/cm3) molded Si3^ has been developed which will be 
used for component fabrication. Four point bend strengths of 43 ksi at room 
temperature were measured l^J. 

.An experimental study showed that high pressures did not facilitate nitriding 
of relatively dense silicon compacts. A parallel theoretical study showed that 
to store sufficient nitrogen within the pores and avoid diffusion an impractically 
high pressure would be needed (8). 

.Three techniques to improve the oxidation resistance of 2.7 gm/cm3 injection 
molded Si3Nit were evaluated C9J, 

Non-Destructive Evaluation 

.Ultrasonic C-scan techniques were developed and applied for the measurement 
of internal flaws in turbine ceramics C1^2.3.^). 

.Sonic velocity measurements were utilized as a means of quality determination 
of hot pressed SisN^ (2,3,5,9)_ 

.A computer-aided-ultrasonic system was used to enhance the sensitivity of defect 
analysis in hot pressed SisN^ (.3»tt>6). 

.Acous 
onset 

tic emission was applied for the detection of crack propagation and the 
of catastrophic failure in ceramic materials O.2»5»6). 

.A method was developed and applied for the detection of small surface cracks 
in hot pressed SigN^ combining laser scanning with acoustic emission CO. 

.X-ray radiography was applied for the detection of internal defects in turbine 
ceramics l/»^4*»5/. 

.Hidden flaws in as-molded stators and rotor blade rings were located by x-ray 
radiography C5,6,7),  C ich NDE of as-molded parts has been used to develop 
processes to make flaw -^e components l8). 

.A dye penetrant has been used to detect surface cracks in components made of the 
2.55 gm/cm0 Si3Nh  (

8). 

.A state-of-the-art summary of NDE methods as applied to the ceramic turbine 
programs was compiled (6J. 
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2.3 FUTURE PLANS 

Considerable progress has been made on developing ceramics for high 
temperature applications in the small vehicular gas turbine engine. However, 
difficult problems must be overcome before achieving the successful demonstration 
of stationary flow path components and ceramic turbine rotors. The development 
of the process to fabricate flaw free turbine rotors encountered many problems, 
necessitating the establishment of the Turbine Rotor Task Force mentioned in 
Section 2.2.1. When flaw free rotors can be made consistently, the fabrication 
development of the stationary components will resume. 

Component Development 

The Turbine Rotor Fabrication lask Force will represent the major effort 
of the vehicular turbine project with the goal of developing a successful and 
repeatable fabrication process to make duo-density SigN,, turbine rotors.  Part ot 
this effort will be devoted towards simplifying the turbine rotor fabrication 
process. Fabrication development of injection molded blade rings, aimed at 
increasing the yield of acceptable parts, will continue.  Back-up injection 
molding tooling, to supplement existing tooling to make Design D' rotor blade 
rings will be delivered in the first quarter of 1976. Hot-press bonding 
experiments will continue to concentrate on densifying the hub without producing 

flaws in the blade ring. 

Evaluation and improvement of the hot-press bonded rotor hub and blade ring 
materials will be carried out in order to update the reliability analysis of the 
rotors utilizing the latest 3-D probabilistic design codes. This evaluation is also 
a valuable part of the feedback to the blade ring and hot-press fabrication 

processes 

Test rigs to evaluate ceramic rotors are being developed. Cold spinning, 
static themal stress testing, and hot spin testing will all form a part of the 
proof testing sequence employed to screen candidate rotors prior to testing In the 
turbine rotor test rig. The final engine configuration will be checked out 
by using duo-density rotors of reduced blade length which will use the same 
turbine rotor mounting system and surrounding stationary components as will 

be needed for full bladed ceramic rotors. 

Durability development of the stationary flow path components at up to 
2500oF will continue on a limited basis until the termination of the Turbine Rotor 
Task Force, when the fabrication of stationary components will resume. 

Material Technology 

Work i«« continuing to improve the room temperature strength, the high 
temperature strength, and the Weibull "m" value of hot-pressed SigN^ used for 
duo-density rotor hubs.  Principal approaches include the use of high purity 
Si3^ starting powders plus improvements in powder processing and handling to 

remove large particles and contaminants. 

Feedback from engine and rig testing of stationary components made from 
reaction sintered Si3!^ indicates that improved durability could be expected 

if improvements in strength and oxidation resistance could be obtained. Therefore, 
increased emphasis will be placed on the development of improved oxidation 
resistance of 2.7 gm/cm3 reaction sintered material. Another area receiving 
major emphasis will be processing improvements aimed at increasing the yield 
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of acceptable parts and reducing the risk of testing unacceptable parts in 
both molded and slip cast reaction sintered Si3^.  Integral with this effort 
will be the application and continued development of non-destructive evaluation 
techniques to assist in the elimination of flaws, in particular, those flaws 
which are found by testing to have a critical effect upon component life. 
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3.   PROGRESS ON CERAMIC COMPONENT DEVELOPMENT-VEHICULAR TURBINE PROJECT 

3.1  DUO-DENSITY CERAMIC ROTOR DEVELOPMENT 

SUMMARY 

During this report period, mechanical analysis of Design D1 rotor con- 
figuration continued. At 55% speed condition, the effective heat transfer 
coefficients were calculated at the rim of the disk, and radiant heat transfer 
to the cooled mounting bolt was included in the analysis. Plots of the iso- 
therms and maximum principal tensile stresses were prepared. 

Using relations derived in the preceeding reportW for determination of 
statistical strength, analytical techniques were developed for prediction of 
strength requirements of specific elements within a structure. This technique 
allows for trade-off compromises in elemental strength to be assessed without 

necessarily changing the total structure reliability. 

Design of an improved efficiency, low stress, ceramic turbine was initiated. 
Designated Design E, the design is based upon material and fabrication criteria 
considered achievable by the end of the vehicular turbine project. Optimization 
of the flowpath to achieve maximum aerodynamic efficiency, within the constraints 
imposed, has been completed. Detail design of individual blade sections of 

rotors and stators is in process. 

A slip-casting mold system was developed utilizing a non-porous removable 

organic material for the mold which is positioned on a plaster base which 
extracts the water. The consolidated casting is immersed in toluene for 

removal of the mold. 

Injection molding of rotor blade rings continued with substantial 
quantities of sound moldings made from 2.55 and 2.7 gm/cm-^ S13N4 material. 
The injection molding die was reworked to allow evacuation of the die cavity 
to improve material flow, and shorten the cycle time. Parametric studies 

established optimum molding parameters. 

Development of the fabrication process for duo-density rotors continued 

with refinement of the graphite wedge hot pressing system to eUminate 
cracking of the rim and blades during hot-press bonding. The MgO content 
in the Si,N4 powder was reduced from 5 w/o to 2 w/o to improve material hot 
strength and  reduce MgO migration into the blade ring rim.  It was necessary 
to increase hot pressing pressure for adequate densification to 4000 psi. 
In addition, it was discovered that the low elastic modulus of ATJ graphite, 
used as the support base under the turbine rotor, was deforming during 
press-bonding and contributing to blade ring damage. Substitution ot 
hot-pressed SiC for the support base produced improved rotor quality. 

Viermal shock tests were conducted on blades from three duo-density 

turbine rotors which showed no erosion degradation in 1324 cycles. A 
blade bend test fixture was designed and developed to obtain information 
on blade strength. Agreement was excellent between stresses predicted 
by a three-dimLiona! finite-element stress analysis and stresses measured 

in a strain gauged test blade. 
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Cold spin test evaluation of turbine rotors and components continued. 
Seven press bonded rotors were tested at speeds up to 64,240 rpm. Seven 
hot pressed rotor hubs were spun to determine material strength and failures 
occurred from 64,370 to 111,800 rpm.  Sixty blade rings or blade ring segments 
were spun in the program to develop an adequate epoxy cement for attachment 
of blade rings to ceramic spin arbors. An epoxy capable of over 60,000 rpm 
was demonstrated. 

A test rig was designed and built to test the bore of a fabricated turbine 
rotor by application of heat to the blade area of a stationary turbine rotor 
while flowing cooling air through the bore. This produces a thermal stress in 
the hub with a maximum value at the bore. Development of this test rig will 
continue. 

A simpler hot spin test rig has been designed, built, and installed in the 
test cell. The purpose of this test rig is to provide for relatively quick 
turn-around after a turbine rotor failure.  Initial shakedown testing has 
commenced. 

A hot spin test of a non-fully-bladed rotor resulted in failure after 
two hours of testing with excursions to 1920oF and 33,600 rpm. This led 
to revisions of the turbine rotor test rig. A planned engine test of ceramic 
rotors with 10% blade height was delayed due to balancing problems; these have 
been resolved and testing of rotors in a complete engine is expected in the next 
reporting period. 

*v 
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3.1.1      DESIGN AND ANALYSIS 

Introduction 

rsi 
The D' duo-density Si3N4 rotor configuration   was analyzed with the 

calculation of temperature and stress distributions at the 55% speed point. 
A probabilistic approach to the determination of statistical strength require- 
ments was developed and computerized.  Salient features of the analysis are 
discussed and its use demonstrated on a ceramic turbine rotor.  Increased 
efficiency turbines, designated Design E, are being optimized for aerodynamic 
efficiency cansistent with design constraints associated with a small ceramic 

axial turbine. 

Mechanical Analysis 

The Design D' rotor configuration, described in Reference 8, was 
analyzed at the 55% speed condition using a 2-D axisymmetric finite element 
analysis.  The effective heat transfer coefficients at the rim of the disk 
were calculated from a 3-D thermal analysis (TAP) of the blade. The radiant 
heat flow from the bore of the disk to the cooled mounting bolt was also 
included.  This additional heat loss was shown^8-1 to increase the temperature 
gradient within the rotor disk, and therefore, it was deemed necessary to 
include it in any future calculations. 

The results of the analysis are shown in Figures 3.1 through 3.4. Figures 
3.1 and 3.2 are plots of the isotherms for the first and second turbine 
stages respectively and Figures 3.3 and 3.4 are the contour plots of the 
corresponding maximum principal tensile stresses.  In comparison to the 100% 
power point(§3 both the temperature levels and the stress magnitudes are 
considerably reduced.  Consequently, since the majority of the ARPA duty cycle 
involves reduced power operation, (lower lumperature and speeds), the suscepti- 
bility of the rotors to time-dependent failure modes is also reduced. 

Strength and Reliability Considerations 

Reference 5 showed the application of Weibull's weakest link model and his 
uniaxial treatment of brittle strength of the ceramic materials used in this 
program.  The governing relations of Weibull analysis and the analytical methods 
were discussed and the computation of component reliability as a function of 
statistical material parameters was demonstrated on turbine rotor structures. 

In the last report^8-1, the basic relations were derived for the determination 
of statistical strength requirements.  Using the turbine blade as an example, 
it was shown that, given a desired survival probability for a component or its 
element in question, the required strength level and associated allowable 
variability (slope 'm') can be specified on the basis of Weibull strength 
analysis.  By so defining the strength requirements at the element level, i.e., 
as function of location in the structure, this type of information can be useful 
for fabrication development as it will identify the areas within the structure 
where compromises in strength would be permissible without jeopardizing the 

overall reliability of the total structure. 
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HOT GAS FLOW 
 ► 

Figure 3.1    First Stage Turbine Disk Temperature ( F) 
at 55% Speed 
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HOT GAS FLOW 
 ► 

Figure 3.2    Second Stage Turbine Disk Temperatures ( F) 
at 55% Speed 
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HOT GAS FLOW 

Figure 3.3 Maximum Principal Tensile Stresses (p-i) First 

Stage Turbine Disk at 55% Speed 
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HOT GAS  FLOW 
 ► 

Figure 3.4    Maximum Principal Tensile Stresses (psi) Second 
Stage Turbine Disk at 55% Speed 
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\ssuming the structure to be subdivided into  "N" uniformly stressed 
elements  and  for simplicity,   (this  is not  a necessary prerequisite)   a uniform 
reliability or survival probability throughout the structure,  the survival 
probability of each individual element   (i)   is given by: 

where R is  the overall reliability of the structure. 

From Equation  11  of Reference  8,  the mean strength requirement  for the 
i-th element  is simply 

-1 

rveff errMORi 

'"    ^ 

mi 

rVeff m. 
In    N  1 

l^h VR 

(1) 

a^ is the maximum principal tensile stress in the element. 

m- is the Weibull shape parameter (slope) which may vary with 
temperature and therefore will be a function of location. 

F is the Gamma function 

Veff   ' Veff  are t^e e:ffective volumes obtained from Weibull analysis 
MORi   u i for the MOR bar and the i-th element respectively, both 

are functions of the local m-value. 

Equation 1 can be expressed more conveniently in terms of the characteristic 
strength.  The characteristic strength in a Weibull distribution is that value 
of stress at which the risk of rupture becomes unity, i.e. for which the 
probability of failure is 63.2%. 

P0 = 
-1 

0.632 

The characteristic strength is related to the Weibull parameter a 
(characteristic strength per unit effective volume) by 

^eff)17" 

(2) 

and to the mean strength ö by 

ä 
o 
0 

r(i + i ) (3) 

■ 

... 



substituting equation 3 into 1 
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The above relations have been incorporated into the design codes and 
appropriate computer routines were developed to facilitate pointwise 
specification of strength requirements in the form of contour plots for a -iveu 

Weibull slope 'nr and the overall component reliability 'R' 

These techniques are being applied to the analysis of the design D' 
silicon nitride turbine rotors.  Preliminary results indicate a need for 
materials of significantly higher characteristic strength and/or Weibull slope, 
(in the 1600oF - 2100oF range), than is currently being used in rotors, if ^ h 

reliability is to be attained. 

Confirmation of this analysis and investigation of possible correctiv 
actions are high priority items for the next report period.  Possib:e actio 
may include, proof testing to eliminat- poor samples, applications of poten  lly 
better material (strength and/or 'm' value) such as Westinghouse's 
high strength Sis^ or Norton's NC-132, and possible design improvements 

to reduce stresses. 

Aerodynamic Design of Ceramic Turbines 

Design Analysis 

Two previously reported turbine design configurations, D ' and D' 
exhibited aerodynamic performance deficiencies as compared to the proceeding 
Design C.  Design D differed from C in that common stators and rotors were used 
for both stages.  This facilitated component development efforts, but resulted 
in a decrease in aerodynamic efficiency. The Design D' decreased efficiency 
further in relation to D principally because the constraints imposed for low 
stresses virtually eliminated the aerodynamically desirable "twist" in the 
rotor blade.  To project the near term efficiency potential of a low stress 
ceramic axia] turbine, an analytical design for an improved efficiency (Design E) 
turbine was initiated during this reporting period. The design criteria used 
was based on assumptions of material and fabrication capabilities at the 
conclusion of the vehicular turbine project as listed in Table 3.1. 

Aerodynamic analysis of the Design h turbine was composed of two main 
efforts; optimization of the flowpath, and detailed design of the individual 
blades.  In the first effort, a parametric study was performed to establish 
preliminary turbine flow area dimensions and gas and blade angles which were 
optimum in terras of aerodynamic efficiency.  In the second effort, individual 
blade sections at various radii were designed and drawn to conform to the 
criteria established in the flowpath optimization.  Both efforts are conducted 
to insure that the final blade design is in accordance with the constraints 

listed in Table 3.1. 
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TABLE 3.1 

DESIGN C0NSTRAINT3 FOR DESIGN E DUO-DENSITY 
SiaNi+TURBINES 

.Compatability with current engine cycle (speed, pressure level, mass 
flow, temperature). 

Rotors 

.Helical and centroidally stacked blades 

.One dimensional blade stress £18,000 psi tension, (provisional) 

.Two dimensional disk stress <50,000 psi tension, (provisional) 

.Trailing edge thickness = 0.022 tip, 0.029 mean, 0.036 hub. 

.Material density in blades of 2.7 gm/cm3. 

.Radial draw fabrication. 

Stators 

.Axial draw fabrication 

.Trailing edge thickness = 0.030. 

.Strength requirement is less than that for rotors. 

Flowpath optimization was performed using an in-house computer program to 
calculate multi-stage turbine performance and gas properties at the inter- 
component planes within the turbine.  The program utilizes a modification of the 
basic Ainley-MathesonC1^ method.  Loss coefficients were modified in accordance 
with the correlation of Dunham and Came'■•'■■'•-'. Gas properties at the inter- 
component planes were calculated to satisfy radial flow equilibrium with radial 
variation of total enthalpy using a second order Runge-Kutta integration method. 

Detailed design of individual blade sections is currently being carried 
out to provide stator and rotor blades which conform, as closely as possible, to 
the criteria established in the flowpath optimization analysis. Both rotor and 
stator blades have parabolic camberlines.  The camberlines are of a single family, 
for each rotor, so as to provide the helical blade stacking necessary to achieve 
low stress. To reduce bending stresses, the blade sections have their centroids 
radially stacked.  The stator blade designs will permit axial draw in molding, 
while the rotor designs will allow radial draw. 

Preliminary designs of both the first and second stage rotor blades have 
been completed, and design of the stators is underlay. A detailed analysis of 
blade surface velocity distributions will be performed to determine if flow 
separation occurs and the need of any further refinements. 
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3.1.2    MATERIALS AND FABRICATION 

Introduction 
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Slip Cast Blade RinB Fabrication 

ORGANIC 
NEGATIVE' 

POTTERY 
BASE 

Figure  3.5 Slip Casting Mold  for Gear Model 
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An organic mold representing the negative of the complex teeth portion of 
the required gear was formed from a soluble, disposable organic, P-aichloro- 
benzene.  A number of techniques could be used to form this mold such as 
injection molding or casting into a flexible (rubber) pattern. 

Some of the reasons which led to P-dichlorobenzene as the mold material 
are as follows: 

1. The organic material must not react with the intended slip. 
2. The organic material must provide a smooth surface against which 

the slip will be cast. 
3. The material must be soluble in a solvent which is not miscible 

with water.  The solvent must disolve the organic mold in a 
reasonable period of time, and not attack the casting material. 

Having produced the negative of the complex surface of the ring gear, the 
base portion of the complete casting mold was made using conventional pottery 
plaster.  The two portions of the mold (i.e. organic and plaster) were mated 
to form a casting cavity as shown in Figure 3.5. with the pottery base positioned 
below the organic negative.  A suitable aqueous silicon metal slip^5J was then 
poured into the mold.  The plaster portion of the mold extracts the slip 
vehicle by capillary action, resulting in a consolidated silicon casting. 
When consolidation was completed the plaster plate was removed.  The combined 
organic negative and the consolidated casting were then immersed in a toluene 
solvent bath.  Toluene is not miscible with the water in the casting and is 
effective in dissolving the P-dichlorobenzene mold portion. Since the casting 
is essentially "frozen" during the organic mold removal no green shrinkage was 
experienced.  Once the P-dichlorobenzene was totally dissolved, the casting 
was removed from the bath and allowed to dry.  Having formed the green shape, 
subsequent processing conforms to accepted practice for the manufacture of 
reaction sintered silicon nitride components. 

The above techniques have been successful in producing complex silicon 
metal castings and have been applied to turbine rotors, and turbine stators. 
Figure 3.6 shows a silicon metal turbine rotor casting produced using the above 
mentioned process. 

The original motivation to utilize the slip casting process, as opposed to 
injection molding, was to produce a more dense reaction sintered silicon nitride 
and therefore one of higher strength.  While it has been demonstrated that high 
density green silicon slips can be prepared, more development is required to 
learn how to completely reaction sinter such dense material. At present, 
injection molding can generally produce as dense a part as slip casting in 
the fully nitrided state even though slip casting is able to produce denser 
green bodies.  For this reason it has been decided to continue to concentrate 
on injection molding for the day-to-day fabrication of experimental components 
and in parallel continue research to investigate the reaction sintering process. 

Injection Molded Blade Ring Fabrication 

7 
During this reporting period molding of 2,55 gm/cm density Si-^L rotor 

blade rings was emphasized.  A new molding composition of 2.7 gm/cm^ density 
51^4 was also successfully molded into rotor blade rings.  Over 400 blade rings 
were injection molded during this period. Various tooling and molding parameter 
changes were made to improve rotor blade ring quality. 

30 

.._ :  : (   



Figure 3.6    Slip Cast Turbine Rotor Blade Ring 

The Design C second stage rotor tooling was reworked to obtain a molded 
blade ring with a smaller blade tip diameter equal to the Design D rotor. 
While this rework was in process vacuum capability was also added to the die 
cavity as shown in Figure 3.7.  Previous experience with the stator die 
indicated the advantages associated with die evacuation just prior to material 
injection1 ).     Vacuum was supplied through the stationary die half and entered 
the cavity through the blade tips.  A 0.002 inch gap was used to obtain a 
vacuum while retaining injected material in the die cavity. 

MOVABLE DIE HALF STATIONARY DIE HALF 

STATIONARY 
HALF 

002  GAP) 
VACUUM   DETAIL\360o 

(CLOSED  POSITION) 

Figure 3.7    Schematic of Vacuum Addition to Rotor Tooling 
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A positive shutoff type nozzle, used for vacuum operation of the stator 
tooling, proved unacceptable in initial rotor trials.  A nozzle with a less 
positive reverse taper shutoff was required to reduce flow restriction and 
fill the rotor die cavity completely. This nozzle allowed some material to be 
pulled from the barrel during die evacuation, thus evacuation time was limited 
to prevent this material from solidifying prematurely.  A new positive shutoff 
type nozzle will be designed with less flow restriction.  This will allow 
longer evacuation time resulting in a higher cavity vacuum. 

Utilizing the reworked die, rotors were molded from 2.55 gm/cm3 Si,N4 
material which were both visually and X-ray flaw free in the as-molded state. 
Evacuation was observed to reduce the incidence of small void type flaws 
detected by X-ray.  Molding parameters, such as die temperature and pressure, 
used for injection molding of rotors, using vacuum, remained unchanged from 
Table 3.1 of^Reference 6.  The material temperature, however, was reduced from 
230oF to 210oF.  The use of vacuum also permitted faster cycle times since the 
material was cooler initially and required less cool down time.  The absence 
of entrapped gas pockets eliminated blistering previously encountered with 
short cycle times. 

A new 2.7 gm/cm3 density Si^ material, 92FP composition (see Section 4.2 
for details), was introduced for injection molded rotors during this report 
period. A preliminary parametric evaluation was made to determine time, temperature 
and pressure values required for this system.  Die temperatures were raised 
50F to 850F.  Material temperature was set at 210oF for vacuum and 240oF without 
vacuum, and the holding pressure was set at 8000 psi. Cycle time was 30 seconds 
total.  A program to optimize these parameters was undert'Jcen after which rotors 
of 2.7 gm/cm-5 density could be molded.  Approximately 7C% of the rotors molded 
were visually flaw-free in the as molded condition.  This compares favorably 
with the 80% level of visually flaw-free rotors molded from the 2.55 gm/cm3 

material.  Radiographic evaluation of the 2.7 gm/cm3 blade rings revealed a 
higher incidence of flawed blades when compared to the 2.55 gm/cm3 material. 
The reject level was not unrealistically high, however, and the new Design D' 
rotor tooling should reduce the level of NDE rejects. 

The tooling for D! rotor molding was received and installed on the 
injection molding machine. Trial moldings to establish parameters using 
the 2.7 gm/cm3 material were initiated. 

The D' tooling has been designed to be a highly automated tool with a 
higher level of material flow control. Heating and cooling of the tool has 
been improved to yield greater temperature control sensitivity.  Cooling capacity 
has been increased to overcome a cooling deficiency in previous tooling which 
limited molding cycle time.  Vacuum capability has been included with the vacuum 
entering through a 0.002 inch flash ring at the blade tips.  The tool has straight 
(ground) parting lines on the airfoil inserts resulting in a tighter fit and 
increased vacuum levels over those previously obtained.  Airfoil inserts now 
withdraw on a simple angle which will reduce the loads applied to blades during 
tool opening.  Hydraulic actuation on the die scroll will allow the die opening 
cycle to be automated.  This will also provide smoother, more consistent insert 
release and allow faster cycle times when used in conjunction with the automatic 
injection molding cycle.  Faster cycle times provide greater flexibility in 
molding compound formulation and higher shrinkage materials can be molded 
using faster cycle times. 
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Material flow appears to have been improved in the D' tooling.  The 
tendency for .".aterial to jet and swirl into blades causing a trailing edge 
knit line neur the airfoil base was reduced by gating modifications shown in 
Figure 3.8.  The material is gated to one end of the rotor plitform and forced 
to turn a 90° comer. This right angle causes the material to form an evem front 
advancing to fill the blades uniformly from base to tip.  Preliminary tests with 
short fills show the technique to be successful.  Molding of 2.7 gm/cm3 Sij^ 

rotors with this tooling will begin once parametric studies are completed. 

CENTER GATE 

END GATE 
Figure 3.8    Gating Modifications to Rotor Tooling 

Duo-Density Rotor Fabrication 

The duo-density rotor is the primary approach being developed for 
fabricating a ceramic turbine rotor.  This concept utilizes the high strength 
of hot-pressed Si3N. in the hub region where stresses are highest but 
temperatures are moderate and, therefore, creep resulting from the use of an 
MgO densification aid is minimized.  Reaction-sintered 813^, which can be 
formed into complex airfoil shapes by iniection molding or slip casting, is 
utilized for the blade rings.  Although the reaction-sintered material is of 
lower strength, it is adequate for the turbine blades because stress levels in 
this region are lower than in the hub.  This concept relies on the ability to 
bond the two Si,N4 components (blade ring and hub) by hot-pressing techniques 
into an integral turbine rotor. 

Work on developing duo-density rotors, during this reporting period, was 
directed toward further refinement of trie graphite wedge hot-pressing system^7) > ^8) 
for bonding a theoretically dense Si-^ hub to a reaction-sintered 813^ blade 
ring.  The procedure for fabricating duo-density turbine rotors involves hot- 
pressing Si3N4 powder to theoretical density for the hub component while 
simultaneously bonding it to an encapsulated'0) blade ring. The special graphite 
assembly used for fabrication is illustrated in Figure 3.9.  Prior to this period, 
the Si3N4 powder contained 5 w/o MgO as a densification aid and typical hot- 
pressing parameters used were 1750oC and 2500 psi for 2 hours.  Although the 
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5 w/o MgO Si3N4 powder composition enabled the fabrication of duo-density turbine 
rotors at low pressures of 2500 psi, several problems existed. The high 
MgO content reduced the high temperature strength of the hub material and 
in addition, caused magnesium migration into the blade ring rim during 
hot-press bonding, permitting densification and deformation of the rim of the 

blade ring. 
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Figure 3.9    Hot Press Bonding Assembly for Simultaneous Forming 
and Bonding a Silicon Nitride Rotor Hub to a Blade 
Ring 

Fracture 
into two types 
which the rim 
severed. This 
to dragW of 
which creates 
cracks involve 
the blade ring 
and inadequate 

of the blade ring during hot-press bonding has been classified 
. The first type is the severe fracture of the blade ring in 
cracks in several places and the majority of the blades are 
type of fracture occurs inconsistently and appears to be related 

the Si3N4 powder on the I.D. of the graphite retaining sleeve 
large variations in the load distribution. The other class of 
smaller blade root cracks and circumferential rim cracks of 
This latter class of cracks are believed related to alignment 

support of the graphite wedge system. 
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Since the higher MgO content (5 w/o) in the SiJ^ powder created both 
material strength and blade ring rim deformation problems, the MgO content was 
reduced to 2 w/0.  This reduced the magnesium migration without sacrificing bond 
quality, however, complete densification of the 813^ powder was more difficult. 
To overcome this problem, the hot-pressing pressure on the hub component was 

increased from 2500 to 4000 psi. 

The higher pressure on the hub component created piston drag and some 
bonding of the Si3!^ powder to the lower edge of the retaining sleeve. A bending 
moment in the retaining sleeve resulted causing severe fracture of the graphite 
retaining sleeve and subsequent severe fracture of the blade ring. Several assembly 
modifications were made to eliminate the drag on the retaining sleeve. The 
modification most successful was lining the I.D. of the retaining sleeve with 
graphfoil. Other techniques were less effective in reducing drag or created 

other problems. 

The graphite retaining sleeve was modified to enable the I.D. to be lined 
with -rraphfoil as illustrated in Figure 3.9. The I.D. of the retaining sleeve 
was opened to 3.085 inches ( an increase of 0.035 inches) to a height of 2 inches 
from the end adjacent to the blade ring. This recess was lined with 0.015 inch 
thick graphfoil. This procedure eliminated all fracture of the graphite retaining 
sleeve by minimizing drag and bonding of Si N4 powder on the I.D. of the retaining 
sleeve. In addition, this procedure enabled the rate of application of pressure 
on the hub component to be increased. Approximately 700 psi pressure is maintained 
to 1500oC then the pressure is increased to full pressure (4000 psi) within 5 
minutes and prior to 1750oC. This earlier application of pressure reduced the 
SiC reaction and achieved full density throughout the hub as indicated by the 

dark curvic region in Figure 3.10. 

Figure 3.10   Duo-Density Rotors Number 808 High Density Curvic 
Region and 766 Lower Density Curvic Region 
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Other less effective modifications involved positioning a graphite washer 
between the Si N4 blade ring and graphite retaining sleeve, and holding the rotor 
assembly longer at lower pressures at 1750oC to eliminate drag. A graphite washer 
0.25 inches thick was placed between the blade ring and bottom of the graphite 
retaining sleeve. The intent was to produce a pre-cracked condition in the 
retaining sleeve to relieve stresses in the retaining sleeve and minimize forces 
exerted on the blade ring if the washer fractured during hot-press bonding.  This 
technique reduced the severity of the fractures of both the graphite retaining 
sleeve and SijN. blade ring, but did not eliminate them en a consistent basis. 

The other approach involved maintaining a low pressure (700 psi) on the hub 
component for longer times at 1750oC prior to applying 4000 psi pressure. This 
reduced drag and eliminated severe fracture ot the Si3N4 blade ring, however, a 
decline in hub quality resulted.  It was anticipated that some deterioration in 
the hub component would result but that adequate hub quality could be maintained. 
The graphite assembly system, with the blade ring and Si3N4 powder, was held at 
1750oC for 1 hour with minimal pressure (700 psi) on the hub component.  After 
approximately 75% of the densification had occurred, the pressure wa^, increased 
to 4000 psi. Although this procedure eliminated drag and subsequent severe fracture 
of the blade ring, other problems associated with the hub component resulted. 
The Si,N4 hub exhibited a severe SiC reaction resulting in rougher surface finishes 
than obtained with the previous temperature-pressure schedule.  In addition, lower 
average hub densities of approximately 0.5 to 1.0 percent resulted with even 
lower densification of the curvic region as indicated by the light gray appearance 
in Figure 3.10. These results were associated with the long hold at 1750 C 
in which the large surface area of the Si3^ powder particles were exposed to 

the carbonaceous atmosphere. 

Since the graphfoil lined retaining sleeve enabled the rapid application 
of pressure and eliminated the severe fracture of the Si3N4 blade rings, this 
procedure was incorporated into the standard hot press bonding procedure. However, 
the smaller blade root cracks and circumferential cracks persisted and seem to 
be related to alignment and support of the graphite wedge assembly. 

An analysis of the hot-press bonding operation was made and revealed 
deficiencies in the graphite system which contributed to cracking of the blades 
and rim of the blade ring.  These deficiencies are illustrated in an exaggerated 
manner in Figure 3.11. As shown, deformation of the graphite foundation occurred 
resulting in a deflection of the blade ring and cracking or hot tearing of 
the lower blade edges.  In addition, the tendency of the inner wedge to roll and 
split resultedin a loss of wedge load on the upper half of the blade fill. This 
in turn resulted in flaring and eventual cracking of the upper rim of the blade 

ring. 

Therefore, to avoid overstressing and fracturing the blades ard rim in the 
hot-press bonding operation, the blade ring must be uniformly supported on a 
surface or foundation which can resist deflections at the furnace temperatures 
under the applied loads.  In addition, the blade ring must be adequately supported 

at the blade fill periphery. 

Prior to the investigation of the blade ring support system, all hot-press 
bonding experiments were made using Union Carbide ATJ graphite for the foundation 
between the blade ring and the lower water cooled ram.  This material, because of 
its rather low Young's Modulus at temperature (approximately 2 x 10 psi), was 
incapable of providing uniform support for the blade ring when subjected to 
non-uniform loads. The non-uniform loading across the foundation, i.e., a higher 
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loading in the hub region (Figure 3.9), produced a dished deflection of the 
foundation with the largest deflection corresponding to the higher center load. 
This deflection results in non-uniform support of the Si,NN blad- ring. Deflection 
of the blade ring in this mode overstressed the lower edges of the airfoils near 
the hub resulting in blade root cracks which were consistently observed. 

OUTER 
WEDGE 

WEDGE 
CONTACT POINT 

INNER WEDGE 

GRAPHITE 
BASE  PLATE 

AIRFOILS 
CRACK OR 
HOT TEAR 

MEASURED  SHAPE  OF 
TWO  INCH THICK SiC 

FOUNDATION AFTER ONE 
PRESSING 

BLADE RING BORE 
FLARES. AXIAL CRACKS 
START AT TOP INDICATING 
LOSS OF RADIAL LOAD 
ON BLADE FILL 

NOTE: ALL DEFLECTIONS AND 
R0TATI0.,6 ARE GREATLY 
EXAGGERATED FOR CLARITY 

Figure 3.11   Exaggerated Schematic of Duo-Density Rotor During 
Hot Press Bonding 

To eliminate bending of the Si^N^ blade ring, a stiffer material more 
resistant to defoliation was required. Hot-pressed silicon carbide was selected 
to replace the graphite as a foundation material.  The Young's Modulus of SiC 
at temperature is approximately 35.0 x 10^ psi which is significantly higher than 
the graphite and provided better support for the blade ring.  Initial experiments 
consisted of a one inch thick SiC plate supported by graphite.  These experiments 
indicated that one inch thickness was not sufficient since measurable creep of the 
SiC plate occurred.  A dished deflection of 0.0025 inches was measured after 
hot-press bonding one turbine rotor.  Increasing the thickness of the SiC base 
to two inches reduced the measurable creep to 0.0006 inches. Several rotors 
have been hot-pressed using a two inch thick SiC base and results indicate an 
improvement in rotor quality with respect to blade root cracking, however, 
cracking has still not been totally eliminated. 
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The graphite wedge component of the graphite system was modified to improve 
the support of the blade fill and provide better wedge action during pressing. 
The graphite wedge system is illustrated in Figure 3.9.  The inner wedge ring, 
cut through at one place, has been used to convert a vertical load to a radial 
load required for blade-ring backup.  The inner wedge had a tendency to roll 
and crack just aboie the contact point between the outside and inside wedge 
resulting in a loss of load on the upper portion of the blade fill and 
eventually circumferential cracking of the Si-^ blade ring rim. This is 
illustrated in Figure 3.11.  In addition, non-uniform load distributions were 
produced by inflexibility of the inner graphite wedge cut through at one place, 

To provide better support and eliminate the roll of the graphite wedge 
the contact point was lowered below the centroid of the inner wedge (and the 
blade fill). To improve the uniformity of the weuge action and thus the applied 
radial load around the blade fill, the inner graphite wedge was sliced radially 
into sixteen equal segments increasing its flexibility and load distributing 
capability. Both of these modifications to the graphite wedge have improved 
the support and uniformity of the load on the blade filled blade ring. 

Investigation and eval ^.tion of the hot-press bonding assembly will continue 
to improve load distribution, and alignments which are critical to the success 
of this program. 
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3.1.3       ROTOR TESTING 

Introduction 

Continued thermal shock rig evaluation of silicon nitride rotor blades 
was carried out during this period.  An additional test which measures the bend 
strength of finished blades was implemented during this reporting period.  This 
test has been used to evaluate the effects of thermal shock treatment and a 
200 hour thermal soak at 1900°F.  Room temperature spin pit testing has continued 
on blade segments, blade rings, rotor hubs and duo-density rotors.  A test rig 
for evaluating rotor hubs using a large radial thermal gradient was designed 
and built.  A simpler hot spin rig to meet the relatively low cost, rapid turn- 
around requirements of initial hot spin testing has been designed and built. 
A hot spin test of a non-fully bladed rotor resulted in failure and led to 
revisions of the turbine rotor testing.  A planned engine test of ceramic rotors 
with 10%  blade height was delayed due to balancing problems; these have been 
resolved and testing of rotors in a complete engine is expected in the next 
reporting period. 

Thermal Shock Rig Testing 

The blades of 3 duo-density turbine rotors were thermal shocked with 
encouraging results. Two rotors, one with slip cast blades and one with 
injection molded blades showed no erosion or failures after 1324 cycles, of 
45 seconds duration, at 2100oF with a thermal down shock of 500oF/second. 
Another rotor with injection molded blades sustained a failure at the junction 
of the blade and rotor platform after one cycle.  This failure was attributed to 
a flaw at the blade root as another set of blades from this rotor sustained 
1323 cycles, of 45 seconds duration, at 2100oF without failure. 

The effect of thermal shocking on the room temperature strength of blade 
rings was investigated.  Two rotor blade rings of 2.8 - 2.84 gm/cm^ density slip 
cast Si-^ were tested for 50 cycles on each of eight blades.  Maximum 
temperature was 2500oF for 45 seconds duration and a downshock rate of 800oF/ 
second. There were no failures on the test rig although further blade bending 
tests revealed a degradation in strength which is described in more detail later 
in this section. 

Blade Bend Testing 

A need was recognized for a rotor blade test to supplement the cold spin 
pit testing.  The primary functions of this test were to be: 

Determine individual blade strength 
Determine room temperature material strength degradation as a 

function of thermal shocking or soaking 
Compare various materials and processes 
Potential use for proof testing blades 
Evaluation of NDE techniques 

The test developed is similar to the stator vane load testing described 
in Reference (8) and Section 3.2.3 of this report.  The test setup, shown in 
Figure 3.12 consists of an 1/8" diameter steel ball which contacts the test blade, 
an indexing mechanism and a mounting plate.  A crosshead speed of 0,02 inches 
per minute was used with the load graphically recorded.  The failure mode is 
nearly pure bending with an inherent trace of torsion present due to the 
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twisted geometry of the blade.     The auction of leading puts the leading and 
traxUng edges  of the blade in compression and the back^ suction Lrface"n 

Figure 3.12        Blade Bend Testing Fixv;ve 

\ three dimensional  finite element stress analysis   fSAPl5 of thP hi.H. 

the backrof0th^fh,^ng "aS in=trl-e"te<i »ith rectanswiar strain gauges at 

bend „Tanl to?sionafslr^s^fi 0f th?,blade rinS-    ^ ™^ -i"™ 
valuesgbased on Z^ZT/JTc^r/llT^lTTzS^ ^ ^^ 

The results  for three slip cast blade  rings  showed excellent w^hmi 

t a-rbarTfrfs^e^^t^nil ^tt"6 "^ r r ^ "^"orMi '-.ast 
been analytUally adiuaS ?»r',bf h        "/""J'    ^^ Weibu11 sl<)Pos "a« "« 

rri -LS —" ^LT. .b:rt:s^abf, ^—r- 
40 

^    ■ ■■^  »   - :       



■p,.. —- •7^^^^^'     '■^™! ■ 'T-1^'    '.''■Id";" :■:!. KIP^WP P^ 

TABLE 3 .2 

SL ' USi   ] 5LAL!£ BU m TiiS'i DATA 

Condition 
of Blade 

Ring 

Blade 
Ring 
S.N. 

Density 
gm/cin3 

Nuinbi r 
of 

Tests 

Strength 
Range 
ksi 

Weibull 
.'ope 
m' 

Characteristic 
Strength 

ksi 

Baseline* 
Baseline* 
Baseline* 

129 
190 
222 

2.8 
2.82 
2.8 

28 
12 
9 

18.5 
37.9 
23.6 

26.5 
50.- 

i5.6 
13.2 
11.6 

24.2 
45.9 
28.7 

Baseline 
Thermal** 
Shocked 

92 
92 

2.84 
2.84 

14 
8 

24.2 
16.7 

37.9 
32.5 

8.7 
4.5 

32.8 
27.6 

Baseline 
Thermal *** 
Soaked 

204 
204 

2.82 
2.82 

19 
7 

34.5 
21.8 

42.6 
34.1 

16.8 
5.1 

39.6 
28.9 

Baseline 
Thermal 
Shocked 

Thermal 
Soaked 

273 
273 

273 

2.8 
2.8 

2.8 

8 
6 

9 

32.5 
16.7 

23.8 

38.2 
32.5 

34.5 

16.1 
9.3 

8.7 

36.0 
32,0 

31.1 

*   Baseline = Blades tested as nitrided 
**  Thermal Shocked = B.1ades tested 

■ n~ 4 1   - 

after 5C cycles to 250COF 

Three 
shocking and 
the blades h 
rig. The ne 
characterist 
found in the 
observed aft 
attributed t 
nitrided tes 

slip cast blade rings were used to evaluate the effects of thermal 
thermal soaking on blade strength.  Two blade rings were tested after 

ad been subjected to 50 cycles to 2500oF in th? thermal shock 
arly 50% decrease in Weibrll slope and l1 "'A  decrease in 
ic strength was attributec co  the presen, 
high aensity blade rings.  A similar strei, 

er soaking the blades in air at 1900oF for 
o unreacted silicon as no degradation in t 
t bars, after an identical soak, was foun 

unreacted silicon 
degradation was 
hours and was also 

strength of fully 
.ee Section 4.2). 

Cold Spin Testing 

The equipment, techniques and procedures used in cold spin testing of 
ceramic turbine rotors, hubs and blade rings has been outlined in previous 
reports (2.7,8)  J^Q  Spin test ta^es  piace at room temperature in a partial 
vacuum with gradually increasing speed (400 rpm/second) to a pre-determined 
qualification speed or until failure occurs. 

Recently the major emphasis was directed toward evaluating the strength 
of complete rotor blade rings, although other components such as hubs and rotor 
assemblies were also tested. This cold spin testing phase produces data which 
is valuable feedback to the fabrication process. 

During this reporting period seven press bonded rotors were tested with two 
Design D rotors attaining qualifying speeds of 53,000 rpm and an additional 

4. 



■WM 

two rotors, with blades of 100V of designed length, were successfully tested to 
64,240 (100% design speed) rpm.  Failures of the other rotors tested occurred 
in the range of 15,710 rpm to 52,140 rpm.  These failures were due primarily 
to blade cracks introduced earlier in the fabrication process. 

Seven hot pressed Si^N^j rotor hubs were spun to destruction to determine 
material strength properties.  Failure occurred in the range of 64,370 rpm to 
111,800 rpm. These hubs were flaw free by visual inspection prior to testing. 
Figure 3.13 shows a hub failure at 111,800 rpm.  The lower range of failure 
speeds were attributed to incomplete densification in the curvic coupling 
region. This problem is addressed in Sectior. 3.1.2. 

Figure 3.13   Ceramic Rotor Hub Failure at 111,800 rpm 

The effort in rotor blade ring and blade segment testing was primarily 
directed to evaluation of various epoxies used to fasten the blade ring or 
segments to a hot pressed Si3N4 hub.  Sixty tests of bonded blade rings or blade 
segments (two or three blades per segment) were carried out to various speeds. 
Figure 3.14 shows a hot-pressed hub and epoxy bonded blade ring at the instant 
of failure at 60,290 rpm showing the epoxy joint still intact. 
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Figure  3.14        Duo-Density  Rotor  Failure  at  60,290  rpm 

Thermal Stress Rig Testing 

A test rig was designed and built which introduces a radial thermal 
gradient in the rotor thereby producing a high tensile stress in the bore 
of the rotor.  This rig will be used to supplement the cold spin proof test 
by proof testing the bore region of the rotor.  Cold spinning cannot subject 
the bore of the rotor to high stresses without over stressing the blades 

and platform area. 

The rig consists of a cylindrical container in which a rotor is placed 
between two 1000 w^tt electrical heaters. These heaters raise the temperature 
of the rotor blades and platform while the bore of the rotor is cooled by a tube 
delivering shop air.  Thermocouples will be used to monitor the rotor and air 
temperatures and strain gages will be used in the rotor bore to record the 

strain level reached. 

The rig has been built and the associated instrumentation and recorders 

are in final check out. 
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Hot Spin Rig 

While the existing turbine rotor test rig is suited to long time 
endurance testing with good simulation of engine operating conditions, it is 
not ideally suited for the relatively low cost, rapid turn-around, requirements 
of initial hot spin testing. Therefore, a simpler hot spin rig, as shown in 
Figure 3.15, was designed and built. This rig permits: 

1. Single stage testing without stators and nose cone. 
2. A simplified rotor attachment mechanism (a conical pilot). 
3. A simple gas-fired nozzle arrangement. 
4. A burst ring and pre-cured ceramic fiber insulation. 
5. A simplified bolting arrangement, using an air cooled bolt, 

replacing the engine "folded" bolt. 
6. Inclusion of a viewing port for an optical pyrometer to permit 

measurement of blade temperatures. 

EXISTING DRIVELINE 

AND HOUSING 

.WRAPPED AND WELDED 

BURST RING 

12 SELF-ASPIRATED GAS BURNERS 

WITH SPARK IGNITION 
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FOR BURNERS 

VIEW PORT FOR REMOTE 

READING PYROMETER 

METAL CONE 

PILOTED IN SHAFT 

CERAMIC CONED ADAPTOR 

PILOTED IN TEST ROTOR 

Figure 3.15   Hot Spin Test Rig 
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The rotor is piloted to a ceramic adaptor mounted to a metal coned shaft 
insert by the bolt. Torque requirements are furnished by friction supplied 
by the bolt clamping load. The natural gas jits can be positioned axially 
relative to the rotor. Adjustment of secondary air is achieved by orifices 
in the end cover. A slight depression in the exhaust pressure level, (1.0- 
1.5 inches of water), provides for maintenance of air flow and direction. 
The twelve gas jets are self aspirating with both gas and air being 
externally supplied to the rig.  Pre-cured ceramic fiber insulation mounted 
on sheet metal is bolted in place for insulation. An inconel X~750 (spiral 
wound and welded) burst ring protects the main housing. While this simplified 
hot spin rig is not intended to simulate aerodynamic loading on the blades, 
it is capable of subjecting the blades and rotor rim to 2500oF gas temperature 
and 100% speed. 

Initial shakedown testing of the hot spin rig was started in this 
reporting period and to date all testing has been non-rotational to determine 
the rig cooling air flow requirements as a function of gas temperature and 
checkout of instrumentation and rig safety equipment. 

Turbine Rotor Test Rig Testing 

During this reporting period, a duo-density silicon nitride rotor was 
selected for initial testing in the turbine rotor test rig even though it was 
not flaw free. A number of badly flawed blades were deliberately removed 
leaving 23 reasonable appearing blades. The bond between the hub and the 
rim appeared sound. Testing of this rotor was considered beneficial for 
test rig shakedown and development, and for accumulation of ceramic rotor 
test experience. 

Figure 3.16 shows the planned and actual test schedules of rotor speed 
and turbine inlet temperature. The planned test schedule consisted of 
the following: 

After a warm-up of the test rig and ceramic hardware, the curvic 
couplings were to be "run-in" over the two five minute cycles at a 
temperature of 1950oF and shaft speed of 35,000 rpm. The test rig 
would then be run at 19500F and 45,000 rpm for five minutes after 
which the turbine inlet temperature would be increased in two steps 
to 2200oF. Maximum time at 2200oF was to be limited because of 
temperature limitations of the downstream test rig hardware. 

The testing actually accomplished is also shown in Figure 3.16. After 
the initial warm-up period, three short one minute runs were made up to 1920oF 
and 33,600 rpm after which a catastrophic failure of the rig and ceramic 
components occurred.  Both the duo-density Si^^ turbine rotor and the hot 
pressed Si^N^ spacer hub were completely shattered. Hot turbine exhaust gases 
had back flowed through the rig melting the aluminum centrifugal compressor. 
The tensile member of the folded rotor bolt was severely deformed and broken 
while the compressive member was completely unscrewed from the main rotor shaft. 

While the primary cause of the failure was not fully established, 
it became clear that several modifications to the test rig were needed. 
Accordingly, the compressor was replaced by a "dummy" wheel and cooling air 
was re-routed to be supplied from an external source. 'lore extensive 
instrumentation and recording equipment was installed 
operation and future failures can be monitored and a: 

i .us, the test rig 
^zed more readily. 



Finally, an improved method of rotor attachment was implemented.  This 
includes a more positive method of locking the compression member of the 
"folded bolt" design into the rotor shaft. 
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Figure 3.16   Proposed and Actual Speed and Tempeiature Schedules 

Engine Testing of Ceramic Rotors 

A set of ceramic, rotors with 10% height blades were fabricated from reject 
parts for testing in a complete engine.  The associated ceramic components required 
for the test were qualified and the rotor bolting system modified to incorporate 
the latest changes previously described. However, the final build of the 
main rotor assembly was held up because of problems of balancing and curvic 
coupling lubrication. 

Attempts to balance ceramic wheels using the Nickel Ease (TM) lubricant 
previously used to reduce friction between metal and ceramic curvic teeth 
proved to be difficult and non-repeatable.  The graphite particles in the 
lubricant produced minute changes in the meshing of the curvic teeth resulting 
in changes in unbalance of 0.015-0.020 in-oz (0.005 in-oz is current unbalance 
limit in the rotor shaft assembly).  This value of unbalance was reduced when 
the parts were clamped and undamped indicating that a crushing or flattening 
of the graphite was taking place.  The rotors were assembled without balance 
problems using a lubricant made of 40 micron nickel powder and light oil. 
This nickel/oil combination, however, resulted in failure of the ceramic curvic 
coupling when used as the only lubricant in a load and thermal cycle test, which 
simulated the load and thermal expansion of engine parts. NicKel Ease had 
previously passed several cycles of this test. 

A replacement lubricant, Dow Coming Molykote 321, has been tested which 
results in repeatable balance, and recoating without disturbing the assembly 
balance.  It has also passed a modified load thermal cycle which included two 
soaks, one for 1/2 hour at 10750F and another for 1 hour at 1400oF, without 
failures in the ceramic teeth.  Based on these results the ceramic rotors with 
10% height blades will be assembled using the Molykote lubrication f^r testing 

in a complete engine. 
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CERAMIC STATORS, ROTOR SHROUDS, NOSE CONES, AND COMBUSTOR DEVELOPMENT 

SUMMARY 

A three-dimensional heat transfer and thermal stress analysis of the 
first stage stator was conducted by Lawrence Livermore Laboratory tt2' for 
a cold start-up transient. The maximum principal tensile stress of 2600 psi 
occurs four seconds after light-off and is in the trailing edge of the air- 
foil near the inner shroud. 

Stators of 2.55 gm/cm3 density were injection molded utilizing die cavity 
evacuation, a redesigned gating system and an overflow reservoir. These changes 
along with an improved system of alignment of the die halves resulted in 
fabricating improved quality stators. Preliminary molding of 2.7 gm/cm6 

stators was initiated. The Design D nose cone injection molding tooling was 
received. Checkout of this new tooling and fabrication of stationary flow path 
components has been deferred in order to concentrate on injection molding rotor 
blade rings as part of the Turbine Rotor Task Force. 

Stator vane bend testing confirmed the improvements made in both the 
material and the fabrication process. Thermal shock rig testing of 2.7 gm/cm3 

vanes resulted in 2 vanes surviving 1000 cycles to 2500-2600 F plus 3720 cycles 
to 2900 F, however, some glass formation and leading edge erosion occurred. 

Fourteen new stators successfully passed the qualification light-off 
test and, along with two stators which were previously qualified, accumulated 440 
hours of hot running. One stator was rig tested at 1930 for 175 hours and is 

in excellent condition. 

Two new designs of the silicon carbide "REFEL" combustor successfully 
passed the ten hour qualification test for ceramic combustors. 

Seven of eleven nose cones passed the light-off qualification test but 
have subsequently cracked.  Internal molding flaws, an interim design modi- 
fication and removal of bell insulation are the prime suspects. The insulation 
has  been replaced and the design updated. 

Eight hours of testing at 2500OF were accumulated in the 2500 F Flowpath 
Qualification Test Rig, part of this tjme was on rig checkout. A stator and 
nose cone survii'ed three hours at 2500 F but were both 
and ten minute?. 

:racV.ed after four hours 

Development of the stationary flow path components will continue on a 
limited basis until the termination of the Turbine Rotor Task Force when 
fabrication of these components will resume. 

■ 
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3.2.1 DESIGN AND ANALYSIS 

A three dimensional thermal stress analysis of th^ first stage stator 
was conducted by Lawrence Livermore Laboratory C12). The analysis assumed 
constant material properties as follows: 

.Thermal conductivity 

.Specific heat capacity 

.Elastic modulus 

.Poisson's ratio 

.Thermal coefficient of expansion 

.Density 

K = 0.418 BTU/(hr.) (in.) (UF) 

C =0.269 BTU/(lb.) (0F) 

E = 17.0 x 106 psi 

v = 0.25 in./in. 

^ = 1.3 x 10"6 in./(in.) (0F) 

p = 0.083 lb./in. 3 

The thermal boundary conditions used represented a cold start-ug transient, 
starting with the stator at a uniform initial temperature of 60 F and suddenly 
introducing hot gas at 19700F through the stator annulus. Heat flow to the 
structure was predicted using predetermined convection coefficients reported 
earlier (7). Those surfaces not exposed to hot gas flow were assumed to be 
insulated. 

The mechanical boundary conditions imposed were those required by a 
repetitive structure, approximated by roller boundaries on the cut faces of 
the single segment taken from the complete stator ring. 

The analysis was conducted using the SAP IV computer code utilizing 424 
discrete eight node isoparametric elements and 810 nodal points. The conclusions 
of the Livermore analysis were as follows: 

(1) The critical region in the first stage stator during start-up transient 
is the trailing edge of the airfoil near the inner shroud (see 

Figure 3.17). 

(2) The maximum principal tensile stress during this transient occurs four 
seconds after light-off and is about 2600 psi. 

(3) The highest stresses are a result of incompatibility of thermal response 
between the major parts of the component, (i.e. heavy outer and inner 
shrouds with low thermal response und a delicate airfoil with quick 

response). 

It should be pointed out that there are -ome significant limitations with this 
analysis as indicated below: 

(1) The material properties were assumed to be temperature ind pendent. 

(2) The finite element model was not sufficiently refined in the region 
of the airfoil root fillet to determine stresses in that aiea. 
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(3) Stresses were calculated at element centroids, thus any stresses due 

to bending were not indicated. 

(4) The mechanical boundary constrain, utilized were adequate for a 
repetitive structure under symetrical loads. However, due to thermal 
gradients and the non-symetrical airfoil, the loading was nonsymetrical 

f 12) 
More detailed information is presented in Reference 
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Figure 3.17   Maximum Principal Stress (At Element Centroids) vs 
Time fcr Selected Points in 1st Stator 
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3.2.2 MATERIALS AND FABRICATION 

Introduction 

Development of molding technology required to fabricate flaw free 
SioNu Stators of 2.55 and 2.7 gm/cm3 density continued during this 
reporting period. Utilization of cavity evacuation, improved material 
gating, and other die modifications resulted in molded stators which are 

flaw free by current NDE techniques. 

Modifications were made to update the nose cone tooling to the latest 
flow path configuration. These changes have been completed and the new 
tooling is ready for molding trials when fabrication of stationary components 
is resumed at the end of the Turbine Rotor Task Force. 

Silicon Nitride Stator Fabrication 

As described in the last interim report W, the use of vacuum was 
successful in eliminating entrapped gas flaws in stators of 2.55 gm/cm 
density. This system was developed to a point where previous problems, 
such as material entry into the vacuum system and vacuum leakage, were 
eliminated.  A positive shutoff nozzle was also installed to prevent material 

from being drawn into the die during evacuation prior to injection. 

Although vacuum eliminated most flaws, some gas bubbles which entered 
the die with the initial mass of injected material were trapped m a three 
vane segment which was the last areas to fill ^3. A redesigned gate detail 
was fabricated and installed in the tooling which eliminated these flaws. 
The material was gated to enter the stator at the six-o'clock position and 
allowed to exit the stator cavity into an overflow reservoir at the 
12-o'clock position. The reservoir volume was set at 20% of the cavity volume. 
Entrapped gases as well as excess mold release, which tended to be pushed 
through the die at the front of the flowing material, were effectively flushed 

into the reservoir. 

The occurrence of inner shroud cracks  : the fillct/i b, --.e.-n 
and inner shrouds due to the inuccurac of clamping release on 1 

"ne va 
TTiOidi 

^e 

'i 
machine, have been minimized, 
to reduce its sensitivity to m 

modifications to the tooling vvere required 
alignment in the no!ding machine. 

It was determined that the molding machine has a 0.004 inches/inch inaccuracy 
in alignment as the clamping force was released and the die opened.  Elimination 

of this inaccuracy is impractical on a large molding machine, thus the die 
has to be made insensitive to the misalignment.  Four shear plates were added to 
the tooling in an effort to correct the misalignment over a limited range of the 
die opening cycle. Shear plates are hardened steel plates which guide the 
die during the opening cycle and restrict its movement in one direction. These 
plates proved only partially successful as occasional cracking at the the stator 

inner shroud still occurred. 

Adding a taper to the inner shroud inside surface proved effective in 
eliminating the occasional cracking of 2.55 gm/cmJ stators.  The taper is 
0 005 inches/inch, exceeding the misalignment by 0.001 inches/inch. This 
eliminates the interference condition wiiich occurred between die halves during 

opening of the press. 

:o 
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Preliminary molding of 2.7 gm/cm3 material was initiated, however, production 
of flaw free Stators was not accomplished. More development is required to 
eliminate occasional vane cracking at the vane inner shroud fillet and internal 
voids.  These efforts were interrupted when the Rotor Task Force was formed 
in order to concentrate on injection molding rotor blade rings. 

Silicon Nitride Nose Cone Fabrication 

During this reporting period, modifications were made to the nose cone- 
tooling to update it to the latest flow path configuration.  New cavity details 
were fabricated to enable the Design D nose cone to be molded.  Interchangeability 
was maintained so that Design B and C nose cones can still be fabricated if 
required. 

Positive insert locks were tdded to the tooling to replace the temporary 
insert locks previously used. These locks will hold the inserts in a closed 
position until the core pins in the struts have been removed. Movement of 
the insert prior to pin removal has produced strut cracking. 

Silicon Nitride Rotor Shroud Fabrication 

No development work was carried out on rotor shroud fabrication during 
this reporting period. The continued emphasis to use existing nondestructive 
methods to determine component quality did, however, reveal variations in 
elastic modulus in specific lots of fabricated shrouds.  These differences were 
detected in the nitrided state using sonic velocity measurements to calculate 
Young's modulus.  The data is reported in Section 4.7 of this report. 
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3.2.3 TESTING 

Introduction 

The stationary hot flow path components include the combustor, turbine 
inlet nose cone, common first and second stage stators, and first and second 
stage rotor tip shrouds.  In order to evaluate these components, five different 
types of test rigs are employed. The Thermal Shock Test Rig is used to test 
stator vane design modifications and materials; the Combustor Test Rig is used 
for combustor evaluation; the 25000F Flow-path Test Rig is used to evaluate 
all of the stationary components up to temperatures of 2500 F; Engine Test Rigs 
are used for light-off qualification and durability testing, and a Stator Vane 
Load Test is used to monitor quality control of stator fabrication. 

Stator Vane Load Testing 

Stator vane testing was initiated as a basis for establishing a quality 
control measure to assess material and process improvements W.  During this 
report period, stator vane testing was used to monitor changes in material and 
nitridation cycles for a given lot of stator assemblies which were eliminated 
as engine test canaidates due to flaws at the as-molded stage.  Only vanes which 
were unflawed by stringent visible examination were subjected to load testing. 

The statistical results of these vane loading tests are shown in Figure 3.1i 
The crosshatched are^ represents Weibull distributions for mechanically tested 

stators from several independent nitridings. The data indicates that the 
changes previously made in the fabrication process resulted m producing 
stator assemblies of much better quality for engine testing. 
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Thermal Shock Rig Testing 

Thermal shock testing on 2.7 gm/cm^ stator segments was continue- Six 

test seiments^pr^io^sly "tested to^XOOO cycles at 2500 - 2600"F were f  ther 
subiected to tests at part temperatures of 2900°?.  Cycle time was 45 seconds 
heading 135 second coding, a'nd the resulting down shock was 800 F^c -x-um. 
Twc of the six vanes were tested for 3720 cycles without failure  Of the four 
failures, two were at the midspan of the vanes and two were at the base of the 
vanes  Failures occurred at 1812 cycles, 2056 cycles. 2800 cycles and 3120 
cycle;. Sere was some glass formation and leading edge erosion on all samples, 

Ceramic Combustor Testing 

Evaluation of ceramic combustors has been conducted by subjecting proto- 
type components to a series of tests simulating engine conditions.  During 
nrevious reporting periods Ke.7.8) tests were conducted with dense, high 
strength, reaction bonded silicon carbide (REFEL), which showed it was a very 

good candidate for combustor tube material. 

The steady-state combustor test rig used is suown in Figure 3.19. This 
rig provides a simulation of the steady-state operating conditions that a 
combustor experiences in an engine, and its features were described in some 

detail in a previous report ^, 

Figure 3.19   Combustor Test Rig 
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During this reporting period, two new designs of the sill on carbide 
"Refel" combustor tube were evaluated, each over a 10 hour port on of the 
ARPA durability cycle.  There were no cracks or other visual damage.  The 
conditions and time of the 10 hour durability cycle are listed in Table 3.5, 
Figures 3 20 and 3.21 are photographs of these combustor tubes.  Further i 
hour qualification tests of additional components will be completed to assess 
the consistency of combustor durability under this test. One of the new designs 
„iU ?hen be selected as primary candidate for the 200 hour ARPA cycle durability 

test. 

TABLE 3.5 

ARPA DURABILITY TEST CYCLE 
FOR CERAMIC COMBUSTORS 

Equivalent Engine 
Speed 

0. 
'0 

Te PG W oT7 
Time 

0F psia PP§ 0F Hours-Minutes 

55 1628 24.7 0.63 1930 4-30 

59 1590 26.9 0.71 1930 2-30 

69 1495 33.3 0.93 1930 - 40 

77.5 1413 40.8 1.15 1930 - 30 

86.5 1337 50.1 1.41 1930 - 30 

100 1680 70.9 1.95 2500 1 - 20 
10 hours 

><a 

inlut air temperature to the combustor 

inlet air pressure to the combustor 

combustor airflow (pounds per second) 

exit gas temperature from the combustor 

.  v. 

mm 

Figure 3.20 fhick-Wall Silicon Carbide "REFEL" Combustor 
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Figure 3.21   Thin-Wall Silicon Carbide "REFEL" Combustor 

En£lne and Rig Testing 

Evaluation of turbine inlet nose cones, first and second stage stators, and 

first and second stage rotor tip shrouds ccntinued in engine test rigs. EaV? ^ 
component was qualified by subjecting it to 10 cold lights followed by immediate 

engine shutdown prior to air- lorger time durability testing. 

Tables 3 4 to 3.6 show the results of engine testing on silicon nitride 
ceramic stationary components performed to date, with the top lines indicating 
the target values established for each component.  Testing during tins 
reporting period was concentrated on the light-off qualification test and static 

engine tests. 

The major effort on nose cones has been on the evaluation of higher density 
(2  55 gm/oA silicon nitride components with a new design modification necessary 
because of the incorporation of themocouple holes.  Seven of eleven nose cones 
successfully passed the light-off qualification test.  Three of the failed paits 
cracked though obvious flLs. Tne remaining 7 components have accumulated over 

189 hours of hot running, but all have cracked  Four failed in the inner body, 
two failed in the outer shroud, and one failed during handling. 

There are two probable causes for inner body cracks.  First, an interim 
design modification was incorporated to allow for utilization of on-hand 
De--ign B parts in the new Design D configuration and second, an evaluation ot 
reduced inner body insulation was undertaken.  Since previous nose cones 
without these modifications ran successfully, these changes are believed to be 
the cause of the inner body failures.  In order to verify this, two nose cones 
without these modifications were each tested for over 30 hours without an 
inner body failure. However, testing was terminated because one nose cone 
developed an outer shroud crack and the other was broken dunng handling. 

Evaluation of this type of nose cone is continuing. 
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TABLE  3.4 

SUMMARY OF NOSE  CONE TESTING 

73 
1-102" 
1-103 

1-130 
S-202« 
2-207' 

1-304* 
2-320 

2-321 
3-806* 
3-807* 

3-8U* 
4-871* 

4-872* 
4-875* 
4-876* 

4-889* 
S-890* 

4-903* 

4-910* 
4-916 

4-917- 
4-920* 

Static Kngine Testing 

Identification   iAeh'- 
Number tCold) 

Shutdowns 
Cold  Hot 

Cyclic   lesting   (ARI'Al 

Lights 
Cold Hot 

Shutdown 
(.old       II 

2500   l;  Sta* ic 
Testing 

Lights      Hour 

Miscellaneous     Component 
iests        ..     Status 

Lights    Hours 

25 18 7 24.5                  4 

19 17 2 0.40 

10 9 1 0.20 

60 51 i 37.9 

46 42 4 2.00 

30 27 3 0.50 

27 20 7 18.5 

64 58 6 1.23 

19 13 6 33.91 
14 9 5 62.25 

56 51 5 1.1 

10 9 1 0.25 

16 9 7 55.50 

40 3b 4 1.00 

19 14 5 32. 1 

10 9 1 0.25 

12 11 1 0. ;5 

26 18 8 50.90 

1(1 9 1 0.25 

10 9 1 0.25 

port ng  per od "Up   to   1930"H 

200 

221.5 
50. 5 
24.5 
6.5 

42.8 

F,B 

F.H 
18 30 r.c.o.x 
9 8 f ,B 

50 3 F.C.O.X 
1 15 F.X 

27 50 F,X 
2 50 F , B 

F.C.X 
F, C 
l-.H 
F.B 

1 85 F,b 
F.B 
1 ,1 
F.H 
F , C, X 
F.B 
F,C 
F.C.X 
F.B.X 

Total 
Part 
11 mt 

Hours 

10.75 142 
46. 0Ü 105 

5Ü.90 22 
24.50 8 
30.00 28 

90.50 80 
52. ?,. 61 

1   i5 10 
2 8.00 59 
54.25 34 

1.23 64 

33.91 19 
62.25 14 

1.10 ,(, 

0.25 
0.25 

30.90 

15 
16 

10 
10 

Key to Component  Status 
F  =   Failed 
0 =  Failure occurred  in other than ARPA duty  cycle 
M = Part  failed during handling 

C   =  Cracked shroud 
B  =   Inner hody   crack 
X =  Internal  material   flaw  involved  in failure 

TABLE  3.5 

SUMMARY OF STATOR TESTING 

Material  and Static Kngine resting Cyclic Tesli g lARFA 2500   F  Static 

Design 
dentification Light Shutdowns Hours Lights Shutdowns Hours 

Testing 
Lights       Hours 

Number (Cold) Cold Hot Cold        Hot Cold 11..t 

Target 10 9 1 0.2 14             26 40 200 4         25 

1-372* 10 9 0.20 1              2 0 3 50.5 

2-421 IC 9 0.20 

2-424 10 9 0.25 

2.428 10 9 0.20 17            14 6 25 103 

2-430 10 9 0.20 14            13 6 21 61. S 

1-715 
1-751 

10 
11 

9 
10 

0.20 
0.20 

2-817 34 31 0.75 

1-820 1 t 13 0.30 

1-841* 12 11 0.20 6             10 16 42.8 

1-848 1 1 10 0.20 

1-852* 23 20 1.70 

1-858* 12 11 0.20 6            111 'o «2.8 

1-865* 12 11 U.25 

1-868* 12 11 0.25 

2-880* 10 9 0.25 

3- 889* 43 39 17.4 

'"898* 10 9 0.25 

1-911« 15 9 54.25 
1              .25 

2-911A* 11 10 0.25 

4-924* 10 9 0.25 

4-940* 29 15 14 32.75 
^           4.2 

4-94 5* 10 9 (!   25 

4-954* 19 9 10 175.00 

5-955* 1..! 9 3 2 3.00 

*New entry this reporti ng pe ri od **Up   to 1930"F 

Miscellaneous     Component 
Tests ..    Status 

Lights     Hours 

Key to Component Status 
S =  Serviceable 
F = Failed 
Ü = Failure occurred in other than ARPA duty 
H ■ Part failed during handling 

F.C 
F.C 

0.10    F,V,0 

F,l 
F,H 

F,C 
2 9. 50 F,V 
2 9.50 F.V 
1 5.00 S 

1            21 75 
1              0 5(1 

1              1 45 

C  -  Cracked  slirowd 
V  -  V,'iiie(sl   failed 
X   =   Internal   material   flow   involved  in   failure 
1   »   Impact   failure   from combustor > :irbon 

Total 
Part 
rime 
Hours 

58 60 
3 00 
3 00 

103 20 
61 70 

0 30 
0 .'ii 

0 75 
0 30 

4S 00 
0 20 
1 70 

43 00 
10 15 
10 15 

5 25 
17 4 

0 25 
54 25 
22 25 

0 ■■5 

32 75 
5 9 

175 00 
23 00 

Total 
Part 
Lights 

15 
13 
19 
41 
37 
16 
13 
34 
14 
28 
11 

10 
IS 
23 
11 
29 
14 
19 
12 
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TABLE 3.6 

SUMMARY OF SHROUD TESTING 

Total lotal 

Material  and 
Design 

Identification 

Static Hngine 

Light       Shutdowns 

Testing 

hoi.'-s i.i 

Cyclic 

■hts 

Testing   IARPA) 

Shutdowns Hours 

2500ÜF Static 
Testing 

Lights       Hours 

Mi seellaneous 
Tests         ^ 

Lights    Hours 

Component 
Stat 'S 

Fart 
Time 
Hours 

Fart 
Lights 

N umbei (.Cold) Cold Hot Cold Hot Cold       Hot 

Target 10 9 1 0  2 ! 1 26 40 200 4                25 

First Shrouds 
19 

, 
2 0.40 1 

- 
0           3 50. 50 S 50.90 22 

i-ui 
2-119« 

2-120* 
2-124" 

13 
IS 
12 
10 

11 
9 

1 - 
1 
1 

0.20 
0.25 
0.25 
0.25 

61 41 :>..       ns 245.00 S 
F.C 
S 
S 

245.20 
0.25 
0.25 
0.25 

115 
15 
12 
lo 

Second Shrouds 
3-    2« 

5-    3« 
3- 4> 
4- 6 

10 
12 
10 

9 
11 
9 

1 
1 
1 

0.25 
0.25 
0.25 

3         1.75 

F.C 
S 
F,C 
F 

0.25 
0.25 
0.25 
1.75 

10 
12 
10 

3 

4- 38 
4-100 
4-102 
4-104 

19 17 2 0.40 1 
1 
1 

9 
9 

0           3 
0           10 
0         10 

50.5 
11.0 
7.8 

30         1 .60 

75         5.10 

S 
S 
S 
S 

50.90 
12.60 

7.80 
5. 10 

22 
40 
10 
75 

4-106 10 9 1 0.20 61 41 34          68 245.00 S 245.20 112 

*New entry this report i ng per iod "Up to   1930 3F 

Key to Component Status 
S = Serviceable 
F » Failed 
C • Cracked s ir ud 

Outer shroud cracks were probably due to reduced strength in the outer 
shrotd resulting from slotting modifications incorporated when thermocouple holes 
were -ncluded in the part.  In order to strengthen the weakest section, where 
the cracks had occurred, the slots were angled to increase the section size. 
One nose cone was made with this modification and was serviceable after 30 hours 
of test when it was broken in handling.  Evaluation of this concept is continuing, 

Fourteen new stators successfully passed the light-off qualification test. 
These stators plus two others accumulated over 440 hours of hot running -^ring 
this reporting period.  Four stators remain serviceable while five others 
failed, two due to improper processing and four due to carbon impact from an 

experimental combustor in the 2500 F flow path rig. 

The problem of improper processing involved stators 841, 848, and 858. 
Although these stators were originally thought to be good, as mentioned in the 
last report (8^, it was discovered that the furnace in which they were nitrided 
was improperly sealed allowing oxygen to be present during the nitriding cycle. 
After this was discovered, the parts were expected to have a short life span. 
Subsequent testing verified this since stators 841 and 858 failed after 
42 hours of testing.  Stator 848 was broken during handling. 

This problem has been corrected and in addition, a nitriding cycle change 
has been incorporated. Using these changes three stators were made for testing. 
Unfortunately during finish grinding of two of these stators some chipping of 
the outer shrouds occurred. All three stators were tested. Two failed after 
5 and 32 hours, believed due to stresses caused by the poor finish machining. 
However, the third stator, which had good finish grinding, was tested for 175 
hours and is in excellent condition as shown in Figure 3.22. Further stators 
from this system will be evaluated. 
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Figure 3.22 Silicon Nitride Stator After 175 Hours of Durability 

Testing 

One piece SiC stators were fabricated C7) and subjected to the normal 
light-off qualification test ^ .     During this reporting period we had 
planned to conduct further testing on the remaining SiC stators >- J , but 
the specially-machined nosecone used to run SiC stators was broken during 
handling.  A replacement nose cone is being prepared so that further SiC 
stator testing can start early in the next reporting period. 

Three of six shrouds successfully passed the 10 light qualification test 
while the three that failed were broken due to a failure of the adjacent 
supporting structure.  Evaluation of shrouds is continuing. 

2500OF Flow Path Test Rig 

The major part of this reporting period was devoted to developing the rij 
capability to operate at a temperature of 2500 F. This effort involved the 

following: 

1   Development of a metal combustor to operate at a turbine inlet 
temperature of 2500OF.  (Since the 2500 F Flow Path Test Rig is -—' 
non-regenerative, a special combustor was needed which can be metal 
A metal combustor is preferred during early testing in this rig.) 
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2. Investigate and improve the complete combustion system for operation 
at various flow conditions. 

3. Investigate several alternate tempeiature sensors to monitor and 
control turbine inlet temperature. 

4. Develop procedures for the control of the rig during starting, 
transients, steady state, shutdowns, and emergency situations. 

5. Monitor performance of rig components and make modifications to 
correct problem areas. 

As of the end of this reporting period, 8 hours of rig running time at 2500OF 
were accumulated.  Approximately half of this time, during rig checkout, 
previously damaged flow path hardware was used. 

A nose cone and a stator each accumulated 4:10 hours of component durability 
at 2500 F.  The test history of these components is shown in Table 5.7.  Both 
were made of injection molded Si3^ with a density of 2.55 gm/cm3. 

TABLE 3.7 

TOST HISTORY OF COMPONENTS AT 2500OF 

Accumulated 
Time (Hrs/Min) 

Nose cone S/N 875     1:30 
3:00 
4:10 

Stator S/N 943 1:30 
3:00 
4:10 

Inspection Results 

OK 
OK 

Inner body cracked; no parts missing 

OK 
OK 

Outer s .roud broken in two places; no vane 
failures; no parts ..miiSsing 

The inspection of the failed parts showed that: 

1. No obvious material flaws were found on the broken sections, 

2. The insulation on the nose cone shrank away from the inner body, 
thus losing much of its effectiveness and probably resulted in a 
higher than normal thermal stress. 

3. The stator outer shroud was chipped in several places.  The origin 
of the chipping was traced to a faulty grinding operation which was 
performed on the stator just prior to the test.  Investigation 
of this failure is continuing. 

During the next reporting period, a complete disassembly and rebuild of the 
rig will be performed in order to replace cracked ducting parts. 2500OF testing 
of flow path components will resume as soon as the rig is rebuilt. 
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4.  PROGRESS ON MATERIALS TECHNOLOGY - VEHICULAR TURBINE PROJECT 

SUMMARY 

Materials technology is a very important portion of the systems approach 
employed in this project for the development of high temperature gas turbine 
engines. The generation of ceramic material property data, in progress since 
the beginning of the project, has been instrumental in component design 
modifications and failure analysis. As testing and fabrication experience 
was gained, improvements in materials have also been made. The properties of 
these improved materials are determined and fed back into design modifications 
and failure analysis, thus closing the loop. The work on determining material 
properties and on generating material improvements for the vehicular ceramic 
turbine project is reported in this section. 

Initial measurements of strength and Weibull slope at several temperatures 
were made on different compositions of hot-pressed SisNit, including process 
variations of contoured hubs from press-bonded duo-density rotors and 
hot-pressed flat billets.  Elastic properties were measured up to 1800 F for 
press-bonded hubs of 2 and 5 w/o MgO contents, showing slightly lower values 
with the 5% material. Thermal expansion determinations show a trend of higher 
expansions as MgO content increases. 

Development work was continued on 2.7 gm/cm3 density injection molded Si3Ni+, 
and improvements were made in flow and mold release properties.  It was also 
found possible to mold test bars of material with densities as high as 2.82 
gm/cm . Work on methods for reducing the oxidation of 2.7 gm/cm3 molded Si3^ 
has shown that a rapid pre-oxidation at 2660 F, intended to produce a protective 
oxide surface film without appreciable internal oxidation, improved the weight 
and thermal expansion changes after oxidation testing.  Preliminary stress-rupture 
tests in bending indicated that the 2.7 gm/cm3 molded SloNj. had good life at 
temperatures up to 2400 F and stresses up to 35 ksi. 

Short term testing was performed to evaluate the behavior of turbine 
ceramic materials when exposed to the combustion products resulting when 
.'ead-containing gasoline was used as turbine fuel. No deleterious effects 
were found when these materials were examined. 

High temperature fracture characteristics of ceramic turbine materials 
continue to be investigated. To date, no evidence of subcritical crack growth 
at temperatures up to 1400 C has been observed in reaction sintered Si3Ni+. 
Subcritical crack growth was noted in "REFEL" reaction sintered SiC, and appears 
to be primarily influenced by the silicon phase present in this material. 

In the application of non-destructive evaluation techniques to turbine 
ceramics, it was found that the sonic velocity of reaction sintered SigN^ 
responds to changes in nitriding parameters. This adds further to the 
usefulness of this measurement, since it provides a means of evaluating the 
effects of changes in the fabrication process on actual turbine engine components, 
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4,1 PROPERTIES OF HOT PRESSED SILICON NITRIDE 

Introduction 

The strength, elastic modulus and thermal expansion properties have been 
determined for various preliminary grades of Ford hot pressed silicon nitride. 
The starting powder for hot pressing was A.M.E. CP-8S grade. CP-85 is A.M.E.'s 
designation for a commercially pure grade of silicon nitride powder for hot 
prjssing. "CP" is the abbreviation for "controlled phase", referring to a 
content of at least 85% alpha phase material. The calcium content of this 
material is between 0.3 and 0.7 w/o. 

Strength Properties 

Four-point bending, at quarter-point loading, was used to evaluate the 
strength according to the Proposed Military Standards for Testing of Ceramic 
Materials C13), Top span was 3/8 inch, bottom span 3/4 inch; crosshead speed was 
0.02 inch/minute. All samples were tested in the strong direction (perpendicular 
to pressing). The bend strength data are shown in Figure 4.1. Strength data 
for Norton's HS-130 hot pressed silicon nitride are also shown in Figure 4.1 
for comparison purposes.  "HP" refers to hot pressed flat billets while "PB" 
refers to press bonded rotors with contoured hubs. The rate of pressurization 
and the maximum pressure used to produce "PB" parts were lower than those used 
to make "HP" parts. 
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Figure 4.1 

HS-130 

5% MgO 

5% Mg 

2°' 

PB'S WERE FABRICATED AS CONTOURED HUBS, 
ALL OTHERS WERE FLAT BILLETS. 

 1 I  
1000 2000 30000F 

" 1— 
1000 

TEMPERATURE 

1500 

Mean Measured M0R vs Temperature for Several Grades of 
SiaNit 

Based on the bend strength data, the Weibull slopes were determined using a 
"Most Likelihood Estimator", Oh)   (MLE), computer program. These results are 
tabulated in Table 4.1. 
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TABLE 4.1 

WEIBULL SLOPE OF HOT PRESSED 

SILICON NITRIDE AT VARIOUS TEMPERATURES 

Material 
78 1600 1900 

Temperature 0F 
2100 2300 

2% MgO HP 

3.505 MgO HP 

5% MgO HP 

2% MgO PB 

5%  MgO PB 

4.11 

12.28 

5.31 

7.74 

5.90 

3.11 

10.48 

17.04 

11.50 

4.90 

5.46 

6.10 8.80 

Plans are underway to improve both the hot strength and the reliability 
of the hot pressed press bonded material.  These include removal of foreign 
particles in the starting powder, optimization of powder particle size, rigid 
quality control in processing, reduction of calcium and oxygen contents, and 
optimization of MgO: Si02 molal ratio ''15). 

Elastic Modulus Measurements in Si-^Nu 

Elastic moduli have been measured for two press-bonded Si3N4 samples 
(p = 3.17 gm/cm3) having 2% and 5% concentrations of MgO in the starting Si-Mh 
powders. 

Longitudinal and shear moduli data, together with Young's moduli 
calculated from the measured data, are shown in Figures 4.2 and 4.3. 

'Hie shear modulus was found to change only slightly with increasing 
MgO concentration in the 2-5% range investigated, and is within 5% of shear 
moduli obtained from measurements on other high density silicon nitrides. 

The longitudinal modulus decreases with 'increasing MgO concentration 
by about 1%  per 1%  MgO.  Longitudinal moduli of both press bonded samples 
are higher than for Norton hot pressed SigN^; the 2%  press bonded sampled has 
longitudinal moduli 20% higher than the Norton material. 

Thermal Expansion Properties 

Thermal expansions of rotor materials have been determined up to 25ü0OF. 
The average coefficients of thermal expansion for 5% MgO PBSN, 2% MgO PBSN, 
and 2.7 gm/cm3 Slip Cast Silicon Nitride, (SCSN), are shown in Figure 4.4.' 

It can be seen that, as the MgO content increases from zero, in the slip 
cast material, to 5 w/o in the hot pressed material, the coefficient of thermal 
expansion increases.  However, the rate of increase in thermal expansion with 
MgO content does not follow the rule of mixtures for silicon nitride and 
magnesia because the MgO has reacted to produce another phase or phases. 
The rule of mixtures can still be applied if the new phases have been identified 
and their weight fractions, coefficients of thermal exparsion, bulk moduli and 
densities as functions of temperature are known. 
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4.2 PROPERTIES OF INJECTION MOLDED REACTION SINTERED SILICON NITRIDE 

Introduction 

In previous interim reports C7»8), work was presented on the theory of 
developing a highly loaded silicon-polymer injection molding composition and 
the implementation of this theory using various particle size distributions 
of silicon powder.  The various molding compositions were quantitatively 
compared with regard to molding parameters.  Nitriding experiments were 
also described that showed the strength of reaction sintered Si3Nit as a 
function of nitriding cycles. 

In this report, molding compositions designed for use in the fabrication 
of the duo-density turbine rotor blade rings are described.  Further experi- 
ments to optimize the nitriding of 2.7 gm/cm3 Si^k  material and initial nitriding 
experiments on 2.8 gm/gm3 Si3Ni+ material are described.  Preliminary physical 
property data is presented on early developmental samples of molded 2.7 gm/cm3 

Si3Nit.  These properties include Weibull strength data, oxidation and creep 
properties. 

Molding Properties 

(8) In the last interim report ^ , the molding properties of various molding 
compositions were presented.  These compositions were adequate for molding 
stators.  However, blade cracking during molding due to the mold release 
property and low green strength of the 74R and 75P1 compositions precluded 
their use in the turbine rotor tooling.  Minor changes in composition were 
made to improve both these properties.  The resulting compositions, 92HP, 92FP 
and 92GP, yielded Si^^  densities of 2.6 gm/cm3, 2.72 gm/cm3 and 2.82 gn/cm3 

respectively.  These are compared in Table 4.2 to the 75P1 composition.  The 
spiral flow distance of 92FP is equal to the 75P1 composition while exhibiting 
over a 70% increase in green strength.  Qualitatively, the mold release of 
the 92 series composition is better.  As discussed in Section 3.1.2 both the 
92HP and 92FP compositions produced flaw free rotor blade rings by x-ray. 

The change in the organic composition made it possible to injection mold 
test bars yielding a Si^H^  density of 2.82 gm/cm3 (92GP) .  The molding properties 

of this material are also given in Table 4.2. 

No attempts have been made to mold rotor blade rings using this composition; 
however, the properties show that this might be done with some development. 

Nitriding Studies 

In the last interim report f8), it was shown that the modulus of rupture 
of the 2.7 gm/cm3 injection molded Si^N^ was strongly dependent on both the 
nitriding cycle and the atmosphere.  The nitriding cycles which had a constant 
rate temperature increase along with hydrogen/nitrogen atmospheres showed 
the best results.  This section expands these findings by examining cycles 
utilizing constant rate temperature increases with intermediate holds and 
investigating the effect of hydrogen/nitrogen compositions.  The nitriding 
studies were also expanded to include the 2.82 gm/cm3 SijN^ (92GP) described 

previously. 

Table 4.3 shows the nitriding schedules used.  The JM4 cycle, which was 
found to be the best in the last report (8) has a maximum temperature of 2550 F. 
The JM5 cycle is the same except that the maximum temperature is 2660 F.  Cycle 

67 

..... ■ ■—,.—■->,— ,  



», m/f!,mmr imif,, mipiiip^pp wrnmrnfimm wmmmwrn 

B6C incorporates a step function over the temperature range 2150 to 2335 F 
followed by a hold at 2335 F.  The AMMRC cycle C8) employes all step-hold 
temperature increases with a maximum at 2550 F. 

TABLE 4.2 

PROPERTIES OF SILICON NITRIDE INJECTION MOLDING COMPOSITIONS 

Property Test Method 9211P   92FP   92GP   75P1 

Density 
(gm/cm3) 

Green Strength 
(psi) 

Molding 
Shrinkage r9b) 

Spiral Flow 
(inches) 

ASTM C373-56        2.6    2.72   2.82 

3 Point MOR      3900  > 4000   2900 
L = 1-1/8" 

Direct Measurement     0.5    0.4    0.35 

ASTM D3123-72       24      10    6.75 
Test Conditions 
T Material 200 F 
T Die ^ 80 F 
P Injection = 
2000 psi 

2.72 

2300 

0.4 

L0 

Rotor Molding 

Results 

See Section 
3.1.2 for 
details 

See Below - 

92HP - Produces rotors flaw free by x-ray. 
92FP - Produces rotors flaw free by x-ray. 
92GP - No apparent problem molding test specimens.  Have not attempted 

to mold rotors. 
75P1 - Release and strength problem in blade area.  Blade cracks. 

TABLE 4.3 

Designation 

JM4 

JM5 

B6C 

AMMRC (8) 

N1TRIDING SCHEDULES 

Time at Temperature 

Room temperature - 2150 F furnace rate (500 F/hour), 
2150OF hold for 72 hours, 2150-2550OF at 70F/hour. 

R.T. - 2150OF furnace rate (500oF/hour), 2150oF 
hold for 72 hours, 2150-2660OF at 70F/hour. 

R.T. 2150OF furnace rate (500OF/hour), 2150OF 
hold for 72 hours, 2150-2335oF at 90oF/hour, 23350F 
hold for 24 hours, 2335-2550OF at 70F/hour. 

R.T. to 13000F furnace rate (« 360oF/hour), 
1300OF hold for 20 hours, 22820F hold for 3 hours, 
24160F hold for 20 hours, 2510OF hold for 7 hours, 
25520F hold for 20 hours.  (Transitions at 360 F/hour) 

68 

■ 



p^-        ■ ,»HliBP»»«WmPIHiW..i«Pi pl<nm^!l«iffHliMMI|pil«PP^ W»«!«!1«« ^^^mmmm. 

Table 4.4 presents the nitriding/strength data for the 75P1 material. The 
hydrogen/nitrogen composition was varied for the first 3 runs (0%, 1.0%, 4.0% 
Ho) and shows that 4.0% II2 produces the best strength.  Th^ JM5 cycle also shows 
superior strength results with 4% Hj atmosphere.  Examination of this material 
using optical microscopy shows no metallic phase even through t.ie weight gain 
was only 57%.  This nitriding will be repeated to check this anomoly.  The 
B6C cycle with the 2335 F hold offered no improvement. 

TABLE 4.4 

EFFECT OF NITRIDING CYCLE ON THE MOR OF INJECTION MOLDED Si3Hk 

2.72  gm/cm3 - 75P1 COMPOSITION 

Nitriding 
Cycle 

Nitriding 
Atmosphere Average MOR (ksi)*   MOR Range (ksi) 

Average 
Weight Gain (%) 

JM4 
JM4 
JM4 
JM5 

JM5 
B6C 

100% N2 
1%H /99% N2 
4%H /96% N2 

100% N2 
4%H /96% N2 
4%H /96% N2 

35.1 
37.6 
43.2 
30.6 
43.4 
35.3 

39.5-32 
43 -29 
58 -33 
35.4-25.6 
46.1-41 
39.7-30.7 

58.5 
58 
59 
58.5 
57** 
59 

*   1/8 x 1/4 x 1-1/2" specimen, 3/8 x 1-1/8" fixture, 0.02 inch/minute load rate, 
**  No free silicon detected when examined at 250x. 

Table 4.5 shows the results of the first attempts at nitriding the 92GP 
(2.82 gm/cm3) material.  The weight gains were low for the cycles used, and the 
strength was much below the projected range of 48 to 58 ksi. 

TABLE 4.5 

EFFECT OF NITRIDING CYCLE ON THE MOR OF INJECTION MOLDED S^iUk 

2.82 gm/cm3 - 92GP COMPOSITION 

Nitriding 
Cycle 

Nitriding 
Atmosphere 

Average* Average 
MOR MOR Range Weight Gain 
(ksi) (ksi) W 

41.3 46-37 56.5 
34.7 40-25 58 
33 35-30 58 
39.3 43-33 fnS 

JM4 
JM5 

AMMRC 
AMMRC 

4% H /96% N2 
100% N2 
100% N ?. 

1% H /99% N; 

*l/8 x 1/4 x 1-1/2'' specimen, 3/8 x 1-1/2" fixture, 0.02 inch/minute load rate 

Physical Properties 

During this reporting period, characterization of the best 2.72 gm/cm3 

injection molded Si3N(t as currently developed was started.  This characterization 
was performed to supnly preliminary design data and to identify potential problem 
areas. 
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The room temperature modulus of rupture values from a number of batches 
of 75P1 molding material and a number of M*  -  4%  112 nitridings were analyzed to 
obtain Weibull parameters.  Results of 31 tests show the material exhibits 
an "m" value of 6.78 and a characteristic strength of 44.3 ksi (determined by 
MLE technique.) 

A number of oxidation tests were performed on the 2.72 gm/cm3 Si3!^ 
aider two temperature conditions; 1900 P and 2300 F, with both as-nitrided and 
treated surface conditions.  All the data is presented in Table 4.6. 

TABLE 4.6 

OXIDATION RESULTS ON 2.7 gm/cm3 INJECTION MOLDED SigN^* 

Mute rial Fxposure 
Treatment Temperature Tine A Veight Average MOR** A MOR A rherraal  Expansion*** 

( n (Hours) m (ksi) ro (ppnO 

None 0 . 40.0 B aseline Baseline 

1900 J00 + 0 . 75 40.1 0 +   100 
2300 200 + 0.55 31.3 - 22 +   150 

Mash Oxidized 1900 200 + 0.17 39 .0 - 2 0 

at   266Ü 'F   for 2300 200 + 0.19 34.5 - 14 0 
1-1/2 hours 

CV1) Coated . 0 0 30.7 - 23 No  data 
with Si^ 1900 200 + 0 . 79 28.8 - 28 

2300 200 + 0.25 20.6 - 49 

CrjOiImpregnated _ 0 0 28.4 - 29 No  data 
1900 200 - 0.05 23.8 - 41 
2300 200 0.5 23.5 - 41 

*        Material   code;   75Q,  nitrided  ir ing JM4  cycle  in  4% II; '96% N? 

**       1/8  x  1/4   x  1-1/2"  sample,   3/8  x   1-1/8" test  fixture,   0.02   inch/minute   load  rate,   room  temperature MOR. 
***    Maximum difference  in  thermal   expansion  up  to 900  C. 

The baseline material, with no treatment, exhibit; 0.75% weight gain upon 
oxidation at 1900oF for 200 hours and a slight increase in thermal expansion 
(100 ppm) when compared to the same material with no oxidation and also shows 
no degradation in strength. However, when oxidized at 2300 F, a large loss (22%), 
in strength is noted. The degradation in strength and increase in thermal 

expansion point out potential problems with this material. 

Three techniques, (flash oxidation. Chemical Vapor Deposited Si3N1+ coatings 
and Cr203 impregnation), have been used in an attempt to eliminate both the 
strength degradation and the increase of thermal expansion. All these techniques 
concentrate on sealing the surface of the material, thereby preventing oxidation 
of the bulk material. 

The results, presented in Table 4.6 show the flash oxidation technique to 
be the most promising treatment for improving the oxidation resistance of the 

2.7 gm/cm3 Si3Ni+. With this technique the weight gain was greatly reduced, 
there was no increase in thermal expansion, and the room temperature strength 
degradation was reduced to 14%, after 200 hours exposure at 2300 F. The flash 
oxidation technique will be further developed by exploring the effects of 
varying both the flash temperature and time. 
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The other techniques resulted in a lar^e strength degradation before 
any exposure to oxidizing temperatures.  Oxidation testing resulted in further 
loss in strength.  Hie weight gains with C.V.D. Si3^ coating was the same as the 
baseline material, while the C^Os impregnation technique resulted in weight 
loss.  These tejt samples charged color, from a dark green to gray, indicating 
the Cr203 was unstable. 

Creep and Stress Rupture Properties 

Only one test was performed to examine the stress rupture properties of 
the 2.7 gm/cm3 injection molded Si3Ni+. However, this tes^ «_s of long duration 
and consisted of two temperatures and various stress .levels as described in 
Table 4.7.  The first 375 hours were run at 2300 F at stresses between 20 and 35 
ksi. The remaining 784 hours were run at 2400 F and stresses between 7 and 35 ksi. 
It should be noted that the last 68 hours of the test were run at 2400 F and 35 
ksi (85% of the room temperature Modulus of Rupture) and no failure resulted. 
This test shows that this material exhibits excellent stress rupture capability. 

TABLE 4.7 

STRF.SS RUPTURE TEST OF 2.7 gm/cm3 

INJECTION MOLDED SiiNk* 

Cumulative 
Time at Temperature 

(Hours) 

u- 
30- 

yu 
212 

212- 277 
277- 375 
375- 467 
467- 542 
542- 656 
656- 779 
779- 896 
896- 952 
952- 1091 
1091- 1159 

Temperature 
( F) 

2300 
2300 
2300 
2300 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 

Stress 
(ksi) 

20 
25 
30 
35 
15 
20 

25 
20 
25 
7 

30 
35 

Time At Each 
Stress Condition 

(Hours) 

90 
122 
65 
98 
92 
75 

114 
123 
117 
56 

139 
68 

Test concluded without failure 

Total strain after 1159 hours was 0.296% 

*Material code; 75Q, nitrided usim? JM4 cycle in 4% H?/96% N2 

The material exhibited very little creep during the test. At most stress 
conditions it was impossible to measure any deformation. The overall strain 
after 1159 hours was only 0.296%, which included the elastic contributions caused 
by ti.e various stress changes. Even including this error, the steady state 
creep rate for the entire test is approximately 2.5 x 10 6/hr. 
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4.3 PROPERTIES OF SLIP CAST REACTION SINTERED SILICON NITRIDE 

Introduction 

Section 3.1.2 of this report describes the slip casting process used to 

data'of slfn0^^51^ tUrbine r0t0.r blade ringS-  A^^gl^ Physical property data of slip cast reaction sintered silicon nitride was obtained to aid in the 

nTjl?1^        T-     T]]e™terial  ^ed was of typical slip cast rotor densities 
[Z.S  gm/cm ), and mtnded using the B6C schedule and 100% N2 atmosphere. 

Test Results 

The modulus of rupture data was determined at various temperatures  The 
average and characteristic strengths along with the Weibull modulus m 'are 
reported in Table 4.8.  The strength values are significantly lower than 
would be expected for a 2.8 gm/cm^ density material (estimated strength level 
should be between 45 and 55 ksi). Very little variation in strength is ' 
observed as the test temperature is increased, however, the Weibull modulus 
does decrease wita increasing temperature. 

A program was initiated to study the effect of nitriding cycles and 
atmospheres on the strength of the slip cast Si3Nk  since it was shown 
previously that the strength of injection molded SioN,, (7,8,9) is affeCted 
by the nitriding cycle. Table 4.9 shows the results obtained to date 
. L  P CaSt samPles used in this study had been cast previously using 
different techniques and starting slips. However, neglecting these variations 
it seems that the JM5 cycle using 100% N2 produced the best strength data 
These  res-.US showed an average MOR of 50.7 ksi at a 2.8 gm/cm3 density 
level.  Further work is required to optimize the slip cast material and 
assess .ts potential. 

TABLE 4.8 

MODULUS OF RUPTURE OF SLIP CAST SI3N4 (2.82 gm/cc DENSITY) 

Temperature 

Weibull 
Analysis 
Method 

Average 
MOR* 

Room Temp. 
1300 
1700 
2100 

MLE 
MLE 
MLE 
MLE 

(ksi) 

29.7 
32.5 
34.5 
33.7 

Characteristic 
Strength  

(ksi) 

31.2 
34.5 
36.9 
36.0 

Number of 
Samples 

8.18 
7.42 
6.54 
6.26 

19 
20 
20 
18 

*l/8 x 1/4 x ]" sample; 3/8 x 3/4" bend fixture, 0.02 in/min load rate. 
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TABLE 4.9 

STRENGTH OF SLIP CAST SiaN^ FOR VARIOUS NITRIDING CYCLES 

Nitriding* Nitriding Average** 
Cycle ATM MÜR 

(Usi) 

JMI 100  N2 26  + 
JM4 4°^  ll7/96 N? 26  + 

JH5 100  N2 37   + 
50.7  + 

MOR 
Range 
(ksi) 

25-27 
25-27 

36-40 
46-53 

Density A Weight 
(gip./cm5) 

2.67/2.74 
2.67/2.74 

2.8 

m 
60 
60.3 

60.1 
60.4 

Chemically adjus ed slip to 
give low density-solid cast 

Solid cast 
Centrifugally   cast,   sample  from 
rotor hub 

JMS 

B6C 

4%  ll2/96  N2 

100  N2 
i% ll?/96% N 

43  + 

29.7  ++ 
41   + + 

32-50 

25-37 
38-46 

2.68 

2.82 
2.82 

59 .5 

59 
59 

Experimental  slip,   change  in 
particle size  distribution, 
change  in deflocculant 

Solid cast 
Centrifugally  cast.   sample 
from rotor hub 

See Table  4.3  for description  of  cycles 
Four point  bending   1'8  x  1/4   x   1-1/2" samples,   load  rate  0.02  in/min 
3/8 x  1-1/8"  fixture   size 
3/8  x  3/4"   fixture  size 
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4.4 SILICON MILLING STUDIES 

Introduction 

The material powder used in the injection molded ceramic turbine components 
is a nominal 325 mesh grade silicon. This material is dry ground using 
alumina balls for a period of 140 hours in a ball mill.  Such a procedure 
is used to produce the broad particle size distribution as shown in Figure 4.5. 

CO 

o 

100 -   

90 - N. 
80 - >v 

70 - ^^ 

60 - 30 MINUTE            /^X 
ATTRIT0R  MILL  

/  140  HOUR 
^S         BALL  MILL 

SO - (550  R.P.M.  DRY) 
^^ 

40 - Nv 

30 - ^V 
20 - ^s. 
!0 - ^^s^ 

n I      I ill          i                   ill iii                         ^^"n^i 
100 80    60 50   40     30 20 10    8      6    5    4       3 2 1    0.8    0.6 

EQUIVALENT SPHERICAL  DIAMETER,   MICRONS. 

0.4 03.  0.2 

Figure 4.5 Attritor Mill vs BaJ.1 Mill Particle Size Distribution 

During this reporting period, work was initiateu to evaluate an Attritor 
mill as a means of producing the equivalent of 140 hour ball milled silicon 
in a relative short time. The Attritor mill used was a 2-1/2 gallon unit 
manufactured by Union Process of Akron, Ohio. This is a bench top unit with 
a water coolru stainless steel jacket. Grinding media used was 3/16 inch 
diameter steel balls. Grinding is accomplished by a circular movement of the 
agitator arm through the mixture of balls and silicon material. 

Results 

The wet grinding versus dry grinding characteristics of the Attritor mill 
are shown in Figure 4.6. These curves show that the dry ground material has a 
very broad particle size distribution very similar to 140 hour ball milled silicon, 
In contrast, the wet ground material has a narrowed distribution of particles. 

The effect of agitator speed on particle size distribution of dry ground 
silicon can be seen in Figure 4.7. All of these runs produced particle size 
shapes with the broad distribution typical of dry mill grinding.  Of the three 
speeds studied, 550 rpm produced the closest simulation to 140 hour grind in the 
ball mill. 
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EQUIVALENT  SPHERICAL  DIAMETER,   MICRONS. 

Effect  of Wet Grind vs  Dry Grind on Silicon From 
Attritor Mill   (550  rpm) 
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Figure 4.8 illustrates the effect of milling time on particle size and 
distribution. Again the shapes of these distributions are similar. However, 
overall degree of grinding differed between the 15 minute and 60 minute grinding 
time as would be expected. 
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Effect of Attritor Milling Time on Particle Size 
of Silicon (300 rpm Dry) 

The best results were achieved using a grinding time of 30 minutes and an 
agitator speed of 550 rpm. The particle size distribution of this material is 
shown in Figure 4.5 along with the 140 hour ball milled material.  Several 
additional runs were made with reproducibility within ± 1 percent. 

All of the above milling was done using the normal discharge rate of the 
Attritor, which amounts to approximately 10 minutes for a 2500 gram batch 
of silicon. One batch of silicon was milled 30 minutes at 550 rpm and the material 
was removed by hand without discharging. This procedure produced a coarser particle 
size with a somewhat narrower distribution as shown in Figure 4.9. These results 
s pport the belief that the increased retention time during material removal is 
important to achieving the equivalent of 140 hour milled silicon in the Attritor 
mill. 

The effect of Attritor milling on oxygen pickup and iron contamination has 

been studied. The results are shown in Table 4.10. There is no significant 
difference in oxygen content between Attritor milled and 140 hour ball milled 
silicon. The iron content on the other hand increased from 0.72 to 1.1 percent 
for the 30 minute Attritor grind.  This difference is not considered significant, 
and could be compensated for by reducing the amount of iron oxide nitnding aid 
added later, by a like amount. 
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Effect  of Fast Silicon Removal   From Attritor Mill 
vs  Regular Removal   (550  rpm Dry) 

TABLE  4.10 

OXYGEN AND  IRON ANALYSIS  OF ATTRITOR MILLED SILICON 

Dry Mill  Time 
(Minute 

30 
60 
90 

Iron Oxygen 

1.1 
1.4 
1.6 

*Feed material   0.72% iron  and 0.6% oxygen. 
0.72% iron and  1.17% oxygen after milling. 

1.31 
N.M. 
N.M. 

140 hour ball  milled silicon 

An injection molding batch was   formulated using Attritor min^i mo+     •   i 
a.d  compared to an equivalent batch  using  140 hou" gro^d siUc^n      The 
spiral  flow results  are  identical  as  shown  in Table  4  11     ilÜstrat^ th.t  ^ 

dÄ?r LS aacheied:rent oniy on the particie --^"0^^:^" 
TABLE 4.11 

SPIRAL FLOW TEST ON ATTRITOR MILLED ANL 
140 HOUR GRIND INJECTION MOLDING COMPOSITIONS 

Test Method 

ASTM D3123-72 

Test Conditions 

140 Hour Grind 

,0. 
T Material = 200CF 
T Die - 80OF 

P Injection = 2000 psi 

10' 

Attritor Mill 

10' 
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4.5 TESTING OF CERAMIC MATERIALS EXPOSED TO EXHAUST GASES OF GASOLINE 

CONTAINING LEAD 

Introduction 

Gas turbine engines have multi-fuel operating capability, however, the 
most widely distributed and used fuel is gasoline. There is no benefit to 
be gained by adding lead to gas turbine fuels, therefore the most likely 
fuel would be gasoline as free from impurities as economically possible. 
However, the use of gasoline does risk the chance that V^aded fuel could be 
burned , either accidently or by contamination from storac  and handling 
facilities.  Since the effects of lead-containing exhaust products on turbine 
ceramics were not known, a series of short term tests were perfomed to determine 

if any catastrophic problems exist. 

Initial Testing Procedure 

Initial testing employed lead-sterile research gasoline with 0.05 grams 
per gallon of tetraethyl lead (TEL) added. This was the maximum allowable 

TEL cpntent of unleaded gasoline under current regulations. 

The ceramics chosen for the initial tests were lithium-aluminum-silicate 
(LAS) materials typically used in gas turbine regenerators. These materials are 
very rich in silica (SK^), and therefore a reaction with leaded exhaust gases 
would form undesirable low-melting lead silicates. The two selected compositions 
of LAS, were Corning Glass Works Code 9458 and Owens-Illinois C-140. 

Samples were prepared for testing in the Westinghouse pressurized test 
passage C1,2.3.'t.6.8). The test bars of the C-140 material were 1/4 inch in 
diameter by 2 inches long while the 9458 bars were 1/4 inch square by 2 inches 
long.  The bars were exposed for 25 hours at a sample temperature of 1780 F 
(representative of regenerator operating temperatures), 3 atmospheres pressure, 

and 500 feet per second gas velocity. 

Test Results 

Both materials developed a reddish-orange stain, which penetrated up 

to a depth of 50y. No additional deposits were noted, length and weight 
determinations, before and after exposure, revealed no measurable changes. 
Optical microscopy, SEM, and electron microprobe were employed to examine 

the samples. 

The stain contained iron, probably from both the fuel and the upstream 
ferrous components of the test rig.  No differences in structure were observable 
by microscopy, and no lead was detected by microprobe either on the surface 
or within the interior of either sample.  Figure 4.10, at 210x., shows a 
portion of a fractured section of the Coming 9458 material after this test. 
The stained surface is a thin light-colored coating; the arrows indicate the 

approximate depth of stain penetration. 

Second Test Procedure 

Since nothing catastrophic occurred in the inital tests a second set of 
tests were performed at a higher lead level. Gasoline was blended to obtain 
a TEL content of 0.50 grams per gallon, (the maximum amount of TEL permitted 
in low-lead gasoline). Other materials, including Norton NC-203 hot pressed 
SiC, Norton HS-130 hot pressed SiaN^, and Ford injection molded Si^^ (2.2 
gm/cm3 density) were added to the two LAS materials previously evaluated. 
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Figure 4.10   Scanning Electron Micrograph of Fracture Surface of 
Corning 9458 LAS After Exposure to Lead-Containing 
Exhaust Gases (210x) 

Fresh samples of both Corning and Owens-Illinois materials were prepared 
to the dimensions mentioned previou; ly.  Samples of both hot-pressed materials, 
1/4 inch by 1/4 inch by 2 inches Ion?, were cut from large billets.  The reaction- 
sintered 513^ was molded and nitridod in the form of round bars, 1/4 inch in 
diameter by 2 inches long.  The sampies were then exposed to 45 hours in the 
Westinghouse pressurized test passage to the exhaust from the combustion of 
0.50 grams per gallon TEL gasoline.  The temperature wa^ 2000OF, at the test 
samples with a gas velocity of 500 feet/second at 5 atmospheres pressure. 

Second Test Results 

Weight changes for the various samples tested are given in Table 4.12. 
Very slight weighJ„ ^ains were observed in the case of both hot pressed 
materials.  Higher weight gains were noted for the very porous reaction 
sintered S.^NL,, as expected.  While 2000 F is a higher temperature than would 
normally be used when operating LAS materials in a gas turbine regenerator 
system, the Corning 9458 Material appeared only slightly affected.  However, 
the 0-1 C-140 material was considerably deformed and chipping occurred at 
one end of each sample rendering the weight change data meaningless. 

Photographs of the various r-TE'ples after this exposure are shown in 
Figures 4.11 through 4.19.  All samples exhibited some degree of surface 
discoloration.  Deposr build-up was more noticeable on the reaction sintered 
Si3^ and the C-140 LA' material.  These nine ceramic bars were submitted for 
analysis.  The study WEJ made to determine the effect of lead on the samples 
and in particular whethe» lew-m«. Itinf, 1cid silicates were formed.  X-ray 
diffraction. X-ray fluoresct v>.ce .r  , 5c »nnlng electron microscopy with energy 
dispersive X-ray analysis were pt; icrmed on exterior surfaces and longitudinal 
and cross section surfaces. 

In the test passage, the bars were supported at the ends and exposed to 
the exhaust stream over most of their length. The square bars were oriented 
such that one comer pointed upstream.  Two adjacent sides on each bar were thus 
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exposed at a 45 angle to the exhaust flow. All of the bars had fine-grained 
reddish-brown coatings and colorations of various shades on their upstream sides 

r^n^fK   M 'T r^ddish-brown discoloration on their downstreL. surfaces. 
L-14Ü LAS bars No. 6 and No. 7 were warped. 

TABLE 4.12 

WEIGHT GAIN DATA ON SECOND SET OF TEST BARS 

Original Weight 
Specimen      gm 

Final Weight 
 gm 

1. Norton NC 203 SiC  6-79410 

2. Norton HS 130 Si,N4 6-55480 
3 4 

3. Norton HS 130 Si^ 6-56375 

4. Ford Reaction      3-46510 
Sintered Si N 

5. Ford Reaction      3-45564 
Sintered Si N 

3 4 

6. Owens-Illinois     4-S7889 
C-140 

7. Owens-Illinois     4-73907 
C-140 

8. Corning 9458      4-43722 

9. Corning 9458      4-44455 

6-79714 

6-56077 

6-56973 

3-66340 

3-67054 

4-53492 

4-38746 

4-43957 

4-43914 

Change  in Weight 
 gm  

+  0-00304 

+  0-00597 

- 0*00598 

+ 0-19830 

+ 0-21490 

- 0-04397* 

- 0-35161* 

+ 0-00235 

- 0-00541 

Specimen softened and chipped at one end, 
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The sequence of analyses performed was as follows: 

1. Exterior surfaces (upstream and downstream') of all samples were fiv-f 
individually examined (as-is) for phase content by X-ray d: ^.tomtr. 
qualitative X-ray fluorescence analysis was performed o- iV   t>- 
upstream surfaces.  For all the paired specimens. th2 t^ identical 
bars were mounted and analyzed together. Downs r^/n swfacfes were 
not examined by X-ray fluorescence. 

2. Some of the samples were fractured into severpj nje b-       r.or  Jc ü.- 

these were ground down for X-ray diffraction .in/irlr r^c-a/ 
examination of the interior (longitudinal tectio^ surfaces. 

Untouched exterior surfaces were examined ü. s'.-.ir.iiv 
microscopy. 

-'lectrc- 

bvrelertSro^he bars
K
were/ross-sectioned, polished,  and ex^ined 

by electron microprobe and scanning electron micrcscop/. 
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Figure 4.11   Surface Appearance of Four Sides of Norton NC-203 
Hot-Pressed SiC, Specimen 1 
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Figure 4.12        Surface Appearance  of Four Sides of Norton HS-130 
Hot-Pressed Si3Nu ,  Specimen 2 
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Figure 4.13   Surface Appearance of Four Sides of Norton NC-1J2 
Hot-Pressed Si 3^, Specimen 3 
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Figure 4.14   Four Views of Ford Reaction Sintered Si 31^, Specimen 4 

:.. ■::■.. 



Hp««p!i||pp||pi^^ WW14iW|ippPif!il|li|J|l!|iJlU|i mmmm^mmmm^mmiimm^immm^mmmmmmm^mmmiK^mm 

x 
z 

El 

— 

" c» 
Ul 

- X 
o 

-T 
mm 

Figure 4.15   Four Views of Ford Reaction Sintered Si^k,  Specimen 5 
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Figure 4,16   Four Views of Owens-Illinois C-140 LAS, Specimen 6 
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Figure 4.17   Four Views of Owens-Illinois C-140 LAS, Specimen 7 
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Figure 4.18   Surface Appearance of Four Sides of Corning 9458 LAS 

Specimen 8 
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Figure 4.19   Surface Appearance of Four Sides of Corning 9458 LAS, 
Specimen 9 
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The X-ray analytical results may be summarized as follows; 

1   While small amounts of lead were detected by fluorescence on the 
upstream surfaces of the bars, no lead-bearing phases were identified 
by diffraction. Some unidentified minor phases were found which could 
have included one or more lead silicates (among other possibilities) 
but no lead silicates could be positively identified. 

2. Iron oxides appear to be the major contaminants deposited on the 
upstream surfaces. The ratio of Fe20h  to Fe20 3 appeared generally higher 
on the SiC and SigN^ specimens than on the LAS. Aluminum was also a 
major contaminant element on all upstream surfaces, although no aluminum- 
bearing contaminant phases were identified by diffraction. 

3. The upstream and downstream sides of all specimens contained various 
amounts of alpha-cristobalite (SiOg). The reaction-bonded Si^^ 
contained large amounts of cristobalite on all exterior surfaces, more 
than the hot pressed SisN^. Both types of LAS also contained significant 
amounts of cristobalite on all exterior surfaces.  Examination of ground 
surfaces on No. 1 SiC, No. 6 LAS, and No. 8 LAS showed that cristobalite 

did not persist in depth in any significant amounts. 

4 Tungsten and cobalt were detected by fluorescence un the upstream 
surfaces of No. 1 SiC and Nos. 2 and 3 SisN^. X-ray diffraction 
examination of a ground downstream surface (0.04" removed] showed that 
No. 1 contained WC, probably as cobalt-bonded WC, and possibly 
alpha-A^Os. Examination of a ground downstream surface on No. 2 S^Ni* 
showed no WC. The WC was apparently only on the surface. 

5 In cross section. Corning 9458 sample No. 8 showed a thin (approximately 
0.025") white outer zone around a gray central region. No unique phases 
or elemental constituents were found in either zone. 

The scanning electron microscopy results are listed as follows: 

1. The surface morphology of the bars was examined.  Figures 4.20-4.24 
are micrographs of the contamination on the upstream surfaces. The 
contamination on sample No. 1, hot pressed SiC, took the form of rod 
shaped particles while that on all other samples was a uniform 
agglomeration of equiaxed particles. 

2. Polished cross sections of samples Nos. 8, 6, 4, and 1 were examined. 
The microprobe mode of the scanning electron microscope was used to 
determine the elemental contamination on sample Nos. 8 and 1. X-ray 
maps of LAS sample No. 8 (Figure 4.25) show that a barium containing 
phase has filled the surface pores and an iron-rich phase is present 
on the surface. No localized concentration of lead-bearing phases was 
found as can be seen in the lead X-ray maps. X-ray maps of the hot 
pressed SiC sample No. 1 (Figure 4.26) show barium and iron-rich 
phases on the surface. These barium-rich phases were not detected 

on sample Nos. 6 or 4. 
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Figure 4.20   SEM of Upstream 
Surface of Sample 1 Norton 
NC 203 SiC (lOOOx) 

Figure 4.21   SEM of Upstream 
Surface of Sample 2 Norton 
HS 130 Si N (lOOOx) 

Figure 4.22   SEM of Upstream 
Surface of Sample 5 Ford Reaction 

Sintered SiaN^ (lOOOx) 

Figure 4.23   SEM of Upstream 

Surface of Sample 6 O-I C-140 

LAS (lOOOx) 
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Figure 4.24   SEM of Upstream 
Surface of Sample 8 Coming 9458 
LAS (lOOOx) 

Conclusions 

No evidence was found to suggest that the lead in the fuel had any 
deleterious effects on any of the bars tested. Minor amounts of lead were 
detected on the exposed, upstream surfaces of all the samples, however, no sur- 
facial lead bearing phases were identified by electron microprobe or X-ray 
diffraction. The major surface contaminants appear to be iron oxides. 

On the basis of both tests, it was felt that enough preliminary evidence 
had been gathered to conclude that lead additions in fuel was not a major 
detriment to current gas turbine ceramic materials. However, long time exposure 
of many test samples to lead-containing turbine exhaust gases, coupled with 
detailed mechanical property determination, would be required to firmly establish 
what effect lead would have. 

On the basis of these tests, it was decided to switch fuels used in the 
Ford ceramic turbine engines and test rigs to a research grade gasoline 
containing 0.012-0.015 gm/gallon TEL, considerably less than the 0.50 gm/gallon 
TEL used in the second test. No deleterious effects on the C3ramic compo'ients 
have been noted in several months of operation using this fuel. 
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Figure 4.25        X-Ray Diffraction Map of Polished Cross-Section of Sample 
8,  Corninj P458  LAS.   SEM  lOOOx 
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Figure 4.26        X-Ray Diffraction Map of Polished Cross-Section of Sample  1 
Norton NC  203 SiC.   SEM  lOOOx 
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4.6 HIGH TEMPERATURE FRACTURE BEHAVIOR OF CERAMIC MATERIALS 

Introduction 

The high temperature fracture characteristics of ceramic turbint, materials 

continued to be evaluated. The conventional four-point loading flexural test, 
as described earlier (3), is the principal mode employed with special attention 
given to the recognition of subcritical crack grow en or  other time (rate) 
dependent fracture phenomenon f-7-* that showed up in these comparatively high 
loading rate fracture tests (conventional Instron testing machine crosshead 
rates). A key procedure in testing and fractography was to employ preplaced 
fracture initiating flaws of controlled size t7). During this report period, 
the principal activity was fracture examination of reaction sintered Si3^, 
Sialon, and Refel SiC which is being utilized for combustor tubes. 

Reaction Sintered Silicon Nitride 

Fracture behavior from room temperature to 1400oC was evaluated routinely 
during process development of injection molded reaction sintered Si3^. 
Expectedly, the fracture stresses experienced a rather wide variation during 
material development. While the injection molded reaction sintered silicon nitride 
contains some strength-limiting porosity, the precracking technique löJ was found 
to be usable and was employed routinely.  The single most significant observation 
to date is that no fractographic evidence of subcritical crack growth was observed 
up to 1400oC. This is consistent with observations on other reaction sintered 

silicon nitrides but is different from those of hot pressed silicon nitride. 
The key feature seems to be an absence of densifying additives typical of hot 
pressed material. To confirm the findings of these fast-fracture observations, 
more sensitive techniues are required to evaluate time-dependent failure. 
Fracture mechanics techniques for measuring crack velocity and stress-rupture/ 

creep tests will therefore be investigated. 

REFEL Silicon Carbide 

A commercially available composite material of alpha silicon carbide and 
silicon designated REFEL by the producer, UKAEA, is being evaluated.  Findings 
to date are consistent with similar published observations of other investigators 
(16) so far as the relative importance of the silicon phase to the fracture 

behavior is concerned. 

The as-processed surface of REFEL SiC is silicon rich, (Figure 4.27), 
containing occasional relatively large pockets (grains) )f silicon. These 
large grains can, and apparently do, tend to function as fracture initiating 
flaws tl'O, lowering the strength of the as-processed material below that 
typically achieved by removing the silicon rich layer. The temperature dependence 
of the flexural strength of the material in the latter state (ly polish) appears 
in a form common for brittle materials (Figure 4.28 (7)). The increase m fracture 
resistance, at approximated 900 C, corresponds to the onset of significant 
plasticity in the silicon phase. Subcritical crack extension occurring at 
temperatures in excess of approximately 1250 C at fast loading rates, presents 
a failure mode that bears further investigation at lower temperatures and 
lower strain rates ^.     Figure 4.29a is a scanning electron micrograph (SEM) at 
low magnification of a crack that has extended about an indentation under load 

at 1300OC.  Figures 4.29b and 4.29c are progressively higher magnifications 
illustrating the path of fracture to be principally, though not always, between 
silicon carbide grains and through the silicon phase. The path through the 
silicon occasionally appears (in Figure 4.29c) to be accomodated plasticly. 

95 



Evidence of the complexities of plastic accomodation in silicon (P) as well as 
transgranular fracture of silicon carbide grains (TG) are marked in Figure 4 29. 
The subcritical crack growth in composite silicon/silcion carbide appears to 
be influenced principally by the mechanical properties of the silicon phase. 

Figure 4.27   Optical Micrograph of a Section Through the As-Pressed 
Surface of REFEL SiC, Illustrating the Disposition of 
the Silicon Phase in Proximity to the Surface 
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Figure 4.29 (a) SEM Micrograph of Crack Extension Around an Indented 
Surface Under Load at 1300oC. (b) Optical Micrograph of 
Area Indicated in (a) Illustrating the Disposition of the 
Silicon Phase and the Fracture Path, (c) SEM Micrograph 
of Area Marked in (b) 

Sialon Materials 

As an integral part of the development of Sialon type materials, the high 
temperature fracture resistance was evaluated in several Y2O3 bearing materials 
(Figure 4.30).  The temperature dependent fracture behavior observed is 
portrayed in Figure 4.30, where each line at temperature is based on an average 
of the measured strength. While the data scatter, particularly at room 
temperature, was significant and could be reduced through greater care in 
processing and materials preparation, some of the results at temperature 
appears to be typical of brittle material behavior, i.e. a slight "improvement" 
in fast fracture strength at high temperature.  Such behavior is usually a 
precursor to dominant time-dependent fracture phenomena.  The Sialons seem 
to behave this way, though the degree is strongly influenced by composition 
and process history (i.e. disposition of phases, both crystalline and glassy). 
Subcritical crack growth is a common phenomenon at temperatures as low as 1000CC 
in some of the materials listed in Figure 4.30. 

The extent of subcritical crack growth as a function of temperature in 
precracked specimens is displayed fractographically in Figure 4.31.  At the 
optical microscopy magnifications employed, the general fracture photography 
appears like that of hot pressed silicon nitride (7). As is evident from the higher 
magnification pictures, the fracture mode at temperature in the slow crack growth 
regime radiates outward from the initiating emplaced flaw, whereas at room 
temperature the fracture originating crack is less well defined. 

In another Sialon, the time-dependent processes leading to failure at 
first worked to blunt the initial flaw, causing it to widen prior to lengthening 
via a myriad of small branching cracks (Figure 4.32). The entire stressed 
tensile face became covered with slow growing cracks prior to catastrophic 
failure, a unique fracture chronology for a brittle material. Thus, while the 
gross temperature dependent behavior i's similar among the Sialons observed, 
the details of failure process are complex and are almost certain to be altered 
by control of the microstructural disposition of phases. 
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Figure 4.32 Crack Blunting Through Microcrack Formation in a 
64.4% SiaNit - 35.6% AI2O3 + 16.1% Y2O3 Sialon 
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4.7    NONDESTRUCTIVE EVALUATION OF CERAMIC COMPONENTS 

Introduction 

measurements  are routinely emniovpi^f^        af  Wel1  aS  SOnic velocity 
and process changes y empl0yed t0 define the effectiveness of material 

Sonic Velocities  of Silicon Nitride 

has ,1: iil^xVsizz sc°r rj-nt7 an? ihe drity of siiicoji ^^ 
sonic velocity and fi'al  densitv whi U"eaJ. re1atlonship was observed between 
Recently,  variations  in mateH^ t? ^^ P^^^s were held constant. 
parameter suchTlime    tempe^ture    LX ^^ been 0bSerVed when the "Priding time,  temperature,  and gaseous  atmosphere were changed. 

different gaseous atmosDheMs    U""8. tl,e1
sa,,<! time-temperature schedule but 

deasit, aad8 soaic ^^  ^Zll^T^ r^l^^^f "^^ 

shown ia T^l'u fol Z'Z^ll^lörTr^s^ ^ ^^ ™ 

TABLE 4.13 

PROPERTIES OF NITRIDED ROTOR SHROUDS 

Series 

Identification 

11 

12 

Nitriding 
Atmosphere 

Average Sonic 
Velocities 
(105cm/sec) 

V. 4- 
MOE    Density 

(106 psi)   (gm/cm3) 

4%H - 96% N2   8.4 

100% N2        7.4 

5.05 

4.5 

21.0 

16.0 

2.50 

2.49 

100 

0/8 ^l/TxVl/fT'T T1^ theSe W™ differences,   test bar, 

let      Ue'f e ^        J    „" hrwLrthea^det""-^H"^
5
 ^^"^ -ch nitrided 

indicatin. an increase in Z^JX X^^^lLVl -^ 

ofS" repaS"0" COnCerning nitridi"S ^1- appears in Section 4.2 and 4.3 

veioc^ Z™/^f£^Z^^ ^y - r- 

^"Ä ^f:„- X^£P~™ -st- ?~f are 

. . 



ll.OdO5) 

o 
<u 
CO 

E 
o 

O 
_i 
LU 
;> 

o 
CO 

10.0 

9.0 

CODE 

A 100% N2  (12  SERIES SHROUDS)     ® 

— RECENT  NITRIDINGS 
(4%   H2 -96% N2 

-— PREVIOUS  NITRIDINGS 
(100% N2) 

3      8.0 

7.0 

6.0 

5.0 

4.0 
2.2 2.6      2.8 

DENSITY (gm/cm3) 

3.2 

Figure 4.33   Longitudinal (V,) and Transverse (Vt) Sonic Velocity 
vs Density of Silicon Nitride 

101 

< 



3.8(106) 

o 
00 

tN 

E 
o 

E 

> 
II 
M 

UJ 
o 
z 
< 

3.4- 

3.0 

2.6 

2.2 

1.8 

o 
P       1.4 
CO 

o 
^       1.0 

RECENT 
NITRIDINGS 

PREVIOUS 
NITRIDINGS 

± 
12       16 

Figure 4.34 

20        24        28       32        36        40 

MODULUS  OF ELASTICITY (PSI) 

44 48 52(106) 

Acoustic Impedance vs Modulus of Elasticity of Silicon 

Nitride 

The implications of this data are that sonic velocity measurements can be 

used to effectively and nondestructively detect improvements in the inherent 
properties of silicon nitride ceramics. While many tests would be required to 
establish the direct relationship between material strength and sonic velocity, 
a relative evaluation can be made with respect to fabrication changes. Similar 
data can also be obtained on engine tested components to evaluate the effectiveness 
of fabrication changes and their response to an engine environment. 

NDE-General Technology 

Radiographic and visual inspections at 20x-30x of as-molded rotor blade 
rings stator assemblies and nose cones and dye penetrant inspection of these 
components after nitriding continue to be the primary NDE methods used to obtain 
the best quality hardware. Further discussion con-    fig the specific use ot 
these methods can be found in Sections 3.1.2 and        this report. 
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5.  PROGRESS ON THE STATIONARY TURBINE PROJECT 

Introduction and Summary 

The principal objective of the Stationary Gas Turbine Project is to 
demonstrate the use of uncooled ceramic first stage stator vanes operating 
at a peak inlet temperature of 2500oF. The demonstration as now planned 
is to be accomplished in a static rig under controlled transient conditions 
which closely simulate stationary gas turbine operation rather than in an 
actual test turbine of 30 MW frame size. Successful completion of the 
test program should establish ceramics (i.e.hot-pressed silicon nitride) 
as viable engineering materials for use in demanding high temperature 
structural applications. While working toward the ceramic stator vane 
demonstration, very significant developments have been made in the areas 
of brittle material design technology, materials science and technology, 
materials fabrication, and component testing. The baseline technology 
developed on the ARPA program thus becomes the keystone to further component 
and engine development that will provide high performance gas turbines with 
potential benefit for both the military and domestic sectors of our 

nation. 

Gas turbine power generation represents a proven technology which 
today has the lowest capital cost per kW of installed capacity of any 
fossil fuel system. Currently, the stationary gas turbine generator is 
used primarily to meet peaking power requirements. Available in sizes 
which range nominally from 19 to 70 megawatts, these units are applicable 
to DOD installations that require on-site power generation. They are also 
suitable for mounting on barges to supply remote locations accessible only 
by way of natural waterways. As a prime mover in ship propulsion, the 
heavy-duty gas turbine is attracting considerable attention because of its 
potential for improved performance and reliability at lower cost. 

There is renewed interest in the combined cycle for electrical power 
generation as a result of the fuel crisis ana energy conservation. When 
gas turbines and steam turbines are used together in a combined cycle 
system, significant increases in efficiency accrue in the conversion of 
fuel to electrical energy. For example, present-day turbo-generating 
machinery (inlet temperature 1900-2000oF) operating in series with steam 
turbines via waste heat boilers attain total system tbormal efficiencies 
of 38-42% making combined cycle plants competitive for intermediate load 
power generation. At 2500oF, turbine inlet temperature, 50% efficiency 
is achievable making combined cycle installations competitive for base 
load service. It is here that the importance of ceramics is emphasized 
because refractory ceramics provide the only direct materials approach 
to reaching 2500oF turbine inlet temperatures.  In addition, the hot 
corrosion-erosion resistance of ceramics such as silicon nitride and 
silicon carbide is expected to provide extended long-term reliability 
when using a wide variety of fuels including coal derivatives. 
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5.1 STATIONARY TURBINE PROJECT PLAN 

The Stationary Turbine Project was organized to design a turbine 
with ceramic stator vanes in the first stage of the power section. This, 
then represents the initial step in the development of a high temperature 
ceramic turbine using a philosophy of successive stage replacement 
whereby ceramic blade development for the first stage rotor follows 
loeically with subsequent stage development downstream emphasizing design 
modification and scale up problems. The Westinghouse 251, 30 MW stationary 
power turbine was selected for the ceramic vane demonstration. A recent 
change in the program plan, however, indicates that ceramic stator vane 
performance be demonstrated in a pressurized static rig at a peak inlet 
temperature of 2500oF only. The rig is illustrated in Figure 5.1. 

Fiber 
Insulation Castable Insulation 

Ceramic Vanes (8 Total) 

Optical Pyrometer 

Gas Profile 
Thermocouple Rake 

Control Thermocouples 

Over Temperature 
Protection Thermocouple 

Cooling Corrugations 

Exhaust 
Thermocouple (C/A) 

Water Spray 

— Water Cooled Exhaust Duct 

_ Borescope & Camera 

Combustor 

Fuel Injection 

.Combustion Air 

Figure 5.1   Plan View of 2500oF Static Test Rig 

Preheated air at 8 atmospheres pressure is supplied to the rig from 
an external steam driven compressor. Air mixes with fuel and is ignited 
in the primaiy zone of a Haynes 188 combustor which is equivalent in size 
to combustors used in the commercial 251, 30 MW power turbine but modified 
for short-term, high temperature service (peak 2500 F at the vane inlet 
position). Hot gas passes downstream through the combustion section mixing 
with secondary air. Flow continues through a partially constricted, 
conventionally designed transition zone (also Haynes 188 for high temperature 
service) to enter and be diverted in direction by the eight ceramic vane 
cascade. Exhaust is accomplished through a jacketed, water cooled metal 
duct which is followed downstream by a water spray cooled mixer, a pressure 
valve and finally, an exhaust manifold which is vented to the atmosphere 

via a stack. 

Thns is a test of actual size component hardware under realistic 
turbine conditions at 0.8 simulation. Plant facilities limit the pressure 
ratio within the labrratory to 8:1, whereas production machinery is 

designed for 10.5:1. 
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The first stage stator vane was selected for development and 
demonstration on the ARPA program because it represents the highest 
temperature material application ultimately affecting power and efficiency. 
Solving the design problems associated with the inlet stator vane and 
developing the analytical capability for design evaluation should establish 
definite feasibility for the design of other turbine components, i.e., 

first stage turbine blades. 

Once feasibility and a performance bas« is achieved in the static 
rig, full scale testing in an actual test turbine becomes possible. 
Production and adaptability to larger production turbines may then be 

logical. 

' 

105 

^   i   ■•^,' 



5.2    STATUS SUMMARY - STATIONARY TURBINE PROJECT 

As originallv conceived,  the ARPA Stationary Turbine Project had a 
two  fold obiec?ive:     1)  the design,  development,  evaluation and demonstration 
of ceramic stator vanes in a gas turbine operating at a peak tempera ure 
of 25M°F for 100  cycl.s simulating peaking service conditions  and 2) 
ceramic rotor blade design with performance simulation by computer. 
Sfscooe of work has proven too formidable for a five-year program at 
Se funding level proposed considering the current state-of-the-art In 
^eriafs LchnoJgy.' Therefore,  the revised f^ls-clue ceramic vane 

evaluation and a design demonstration «^ ** » J^ of cyclic service, 
oeak temperature under controlled transient conditions of cyclic seivice. 
S:    huXd* cycles simulating peaking s-vice are propose   ;    Work 
continues within two major task areas subdivided as follows. 

I.    Component Development 

(a) Design 
(b) Fabrication 
(c) Testing 

II. Material Technology 

(a) Material Engineering Data 
(b) Material Science 
(c) Non-Destructive Evaluation 

Current status is 
and 5.2.2 of this report 

summarized according to Task in Sections 5.2.1 

n m 
Figure 5.2   Stator Vane Design Iterations 

I. Parallel Sided Airfoil- T-*»*«« 
II. Tapered-Twisted Airfoil with Full Cavity Filling Tenons 

III. Tapered-Twisted Airfoil 
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5.2.1 COMPONENT DEVELOPMENT 

Component Development deals with the design and analysis of the first 
stage stator vane, fabrication of first stage stator vane design 
iterations, and the testing of first stage stator vanes in the static 

rig at 2200° and 2500oF. 

Design 

A novel, power-generation size ceramic stator vane has evolved 
from a unique sandwich type multiple component concept. The concept 
utilizes a three-piece vane that is insulated, cushioned and supported 
in such a manner as to minimize critical steady state and transient 
thermal stresses which would otherwise preclude the use of brittle 
materials in an industrial turbine. The configuration to be tested in 
the static rig at 2500oF represents the third design iteration featuring 
a tapered-twisted airfoil with modified end cap construction. Component 
evolution is illustrated i.i Figure 5.2. 

Since the problem of stress concentration is foremost in the design 
and use of brittle materials for engineering applications, stress dis- 
tribution in critical elements of a component design must be defined. 
Two-dimensional finite element arrays are adequate for the definition 
and analysis of most stress distributions in the three-piece stator vane 
assembly but interfacial contact stresses and the stress developed in 
rotor blades require a more sophisticated volume element (3-dimensional) 
program for resolution. ARPA partially supported the development of this 
valuable tool as part of the Stationary Gas TmSine Project. 

Status 

• A novel 3-piece, uncooled, simply-supported ceramic stator vane 
assembly was selected and designed.C1»2.3,4) 

• To minimize stress, the ceramic vane was reduced to i/2 size and 
cross-section from that of the metal vane counterpart.(2) 

• Critical stresses of the 3-piece ceramic vane assembly have been 
evaluated for both transient and steady state conditions expected during 

turbine operation at 2500oF.C2»3'4'5^ 

• A full scale kinematic model was built to show that the stator 
vane assembly as designed was functional even when subjected to 
differential motions well in excess of design limits.^J 

• The detailed design of stator vane assembly, including compressive 
spring loading and the ceramic/metal insulation and support system was 

completed.t2'3J 

• 3-D finite element code (WISEC) has been completed except for 
creep and contact stress analysis.(2>3J4>5»6J 

• Preliminary analysis of a ceramic rotor blade using the 3-D 
finite element code has been completed.C4»5»6^ 
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• A first stage air-cooled metal blade has been designed for the 
advanced test turbine.    Design modifications for the air-cooled,  metal 
second stage vanes and rotor blades were also completed before the program 
revision was made not to perform the actual turbine test.(7J 

Fabrication 

Fabrication is equally as important an aspect as design in the 
successful application of ceramics for gas turbines.    Only fully dense, 
high-strength Si3N4 and SiC were selected for component development in 
the Stationary Turbine Project.    The ARPA program has provided the first 
full-scale,  power generation size,   ceramic statci vanes fabricated from 
hot-pressed Si3N4 and SiC.    These were made to Westinghouse specifications 
by the Norton Company of Worcester,  Massachusetts and    their vendors  from 
hot-pressed billets.    Diamond tools and tracer grinding techniques were 
employed to produce the stator vane geometry. 

Status 

• Over 40 prototype vane sets for testing have been successfully 
fabricated by hot-pressing ?:id machining from both Si3N4 and SiC. C3»4»5'6-' 

• 28 tapered-twisted airfoils and 24 end caps machined to the 3 in, 
radius and 3/8 nominal cavity depth specified for the 3rd generation 
(advanced turbine) design were received for the 2500oF static rig test. 

• Experimental silicon nitride billets hot-pressed with yttria have 
been received for evaluation as an improved stator vane material.(9J 

Testing 

The verification of design and materials by test of full scale parts 
under realistic conditions represents a very important step in the ARPA 
program to develop ceramic vanes.    The plan is to test in an extensively 
instrumented static rig first at 2200oF and then 2500oF under conditions 
very similar to those encountered in an actual gas turbine. 

Status 

• Design and construction of the instrumented static rig was 
completed after considerable delays due to procurement and installation 

difficulties.^»4) 

• 2200oF static rig testing was successfully completed using 
parallel sided Sis^ vane assemblies (Figure 5.3).C5) 

• Silicon nitride stator vane assemblies were shown to be tougher, 
more thermal shock resistant, and generally more compatible with a 
transient turbine environment than silicon carbide stator vanes of the 
same design after 5 cycles of static rig testing at 2500oF (Figure 5.4).C8) 

• The static rig for the continuation of 2S00oF testing has been 
rebuilt a second time to include a more extensively air-cooled combustor, 
a water-cooled exhaust duct and water spray cooled »tXOf.W 
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• Static rig testing at 2500oF was resumed in October. Steady- 
state runs were made to define gas temperature profiles and establish 

operating parameters for cyclic testing. 

• After 25 cycles of transient temperature testing, shifts in 
outer end cap locations caused an edge loading condition at inner 
airfoil end cap positions. Chips were observed in four of eight airfoils 

under test. 

• An additional 35 cycles were run after damaged components were 
replaced. Cracks developed in the airfoil section of vane 5 after 22 
cycles. The test was terminated after the 35th cycle when cracks 
developed in airfoil #6; one of the airfoils that had been preoxidized. 

Figure 5.3   Stator Vane Test Assembly with Si N -5 Piece Stator Vanes 
and LAS Insulator at the Completion of 2200oF Static Rig 

Tests  (105 cycles) 
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Figure 5.4        Results of 5 litial 2500oF Static Rig Test ■ 
Abortive Combustion Failure After 5 Cycles 
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5.2.2 MATERIALS TECHNOLOGY 

Materials technology is considered a basic building block for design, 
fabrication and testing. The sub-tasks consist of Materials Engineering 
Data, Materials Science, and Non-Destructive Evaluation of Materials. 
The plan has been to continue this phase throughout the program in order 
to properly evaluate material improvements and design changes that 
evolve naturelly in a focused engineering program. 

Material Engineering Data 

Design technology is highly dependent upon the thermal, physical 
and mechanical properties of the materials being used. A substantial 
effort has been expended to collect engineering property data for 
commercial hot-pressed Si3N4 and SiC to make the design code more 
comprehensive. The interaction between properties and design is shown 
in Mgure 5.5. Since the present design code uses an elastic-to-fracture 
criterion for stator vane ceramics and since the transient stresses are 
much larger than those of the steady-state, thermal properties have been 
measured extensively.  Both established and new testing procedures have 
been utilized to evaluate the physical and mechanical properties of gas 
turbine ceramics at temperatures up to 2500oF. 

Design Requirements 

Thermal Properties Tensile      Shear      Flexural    Friction       Creep    Fat;gue 

Conductivity Expan 

Computer Codes for 
Stress Calculation 

Design Reliability 

Figure 5.5   The Interactions between Material Properties and Design 

Status 

• Thermal properties   (expansi'       conductivity and specific heat) 
have been characterized from RT to    J00

O
F for hot-pressed Si3N4   (Norton 

HS-130)   and hot-pressed SiC  (Norton NC-203).C3»4) 
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• Flexural strength, tensile strength, shear strength, friction 
behavior, high cycle fatigue and elastic properties have been 
characterized from RT to 2500oF for both HS-130 813^ and NC-203 SiC.C2-6J 

• Creep, stress rupture, low cycle fatigue, and corrosion-erosion 
behavior have been evaluated because these properties relate to 
reliability.(3~7) 

• Statistical treatment of engineering property data continues. 
Additional information is continually added to the data base. C2-4-' 

• Stress-strain data in the tensile mode indicate that Norton HS-130 
(NC-132) silicon nitride is essentially elastic to failure up to 2200oF 
at loading rates in the range of 0.001 in/in/minute. Plastic deformation 
is apparent at temperatures of 2300oF and above.(7) 

• 4000 hour static oxidation tests of silicon nitride and silicon 
carbide indicate significant flexural strength degradation after 100 hQW?"5 

due to surface reaction between the oxide film and substrate material.1- -' 

• An evaluation of hot-pressed silicon nitride hot-pressed with 
yttria shows improvements in high temperature strength and creep 
resistance. The material is subject to a low temperature instability 
(at 1800oF) which causes decrepitation and subsequent loss of strength1- ■' 

• Ten thousand hours stress rupture life is reported for Norton 
NC-132 silicon nitride at 2100oF under 10,000 psi stress. 

• The physical properties of the boron nitride insulation materials 
have been determined to verify vendor data. Flexural strength, elastic 
modulus, shear modulus and thermal expansion are reported for prominent 
directions of the material. 

Materials Science 

Detailed investigations into materials science develop an understanding 
of material behavior which will hopefully lead to property improvements. 
Trds is particularly important since the ceramic materials being utilized 
in turbine engines are relatively new and appear capable of considerable 
improvement. The material science investigation has been defined by 
the engineering requirements of the system and thereby relates mainly to 
the commercial materials being used. They contribute to better control 
of the fabrication process, better properties, and tend to extend the 
useful life of the ceramic materials through property improvement. 

The value of the material science work has already been demonstrated 
by the property improvements that have been made since the onset of 
the ARPA program. By discovering that certain impurities and foreign 
inclusions were detrimental to the strength of hot-pressed Si3N4 above 
1800oF and learning how to process starting powders to achieve a desired 
microstructure, strength at 2550oF has been improved. The task of 
material development and improvement remains far from being completed. 
Westinghouse has recently added Si3N4 powder preparation and an experimental 
hot-pressing study to the Material Sciences work scope because materials 
remain a critical aspect of high temperature turbine technology. 
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Status 

• Identification of microstructural details of commercial hot- 
pressed Si3N4 (Norton HS-110 and 130) and hot-pressed SiC (Norton 
NC-203) are complete.(1>2'3'4^ 

• Correlations between properties, microstructure and fabrication 
processing for HS-130 Si3N4 and NC-203 SiC are complete.f

3'4»5'6) 

• Chemical analyses of Norton HS-130 Si3N4 and NC-203 SiC are 
complete.' -' 

• Analyses of thermodynamic data for Si.^ and SiC are complete. ^'^ 

• Static oxidation kinetics of HS-130 Si3N4 and NC-203 SiC are 
comp lete.(3>4'5J 

• The loss of strength in hot-pressed silicon nitride after prolonged 
oxidation at 2500oF is attributed to a surface reaction between the oxide 
film 
solub] 

developed IMgO • Si02 • CaO • etc.) and the substrate which appears 
)le in it.^ J 

• The poor low temperature phase instability of yttria hot-pressed 
silicon nitride appears to be associated with a Si3N4 • Y203 phase in the 
microstructure.W 

• Furnace modifications now permit the production of high purity 
alpha silicon nitride powder of low oxygen content at the rate of 8-9 kg/ 
month. 

• Static oxidation tests of NC-132 silicon nitride in an alumina 
lined muffle furnace indicate strength degradation at 2000° and 2200oF 
as well as 2500oF. 

Non-Destructive Evaluation 

Microstructural uniformity is necessary for reliable structural 
ceramics for gas turbine engine applications. The objectives of NDE 
are to identify and classify microstructural and macrostructural defects 
and relate these to the compone ■•" fabrication process. The ultimate 
goal is to define meaningful iw^action methods that can be used to 
accept/reject components prior to installation in the engine. Procedures 
utilizing ultrasonics, x-ray radiography, dye penetrants, and acoustic 
emission are currently being applied to ceramic systems for evaluation 
purposes. 

Status 

• Suitability of dye penetrants for detecting surface connected 
porosity and surface cracks has been established for ceramic gas turbine 
components.W 

• Sensitivity of commercial techniques in ultrasonic ASC scanning 
to low density inclusions and segregated voids in hot-pressed Si3N4 and 
SiC has been established, f5,6-1 
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• Detection limits and sensitivity by ultrasonic inspection has 
been established for hot-pressed ceramic turbine components.»- » > 

• Feasibility of applying acoustic emission to proof testing of 

ceramic components has been established.t4J 

• Detection limits and sensitivity by x-ray radiographic inspecti 
has been established for hot-pressed ceramic turbine components.*- » •> 

• NDE of ceramic turbine components is continuing. The 28 Si3N4 
vane sets for static rig testing at 2500oF have been qualified.(8) 

• All components from the 2500oF static rig testing were re-examined 
after 25 and an additional 35 cycles, respectively, as part of the failure 
analysis. Dye penetrant techniques were used to define the full extent 

of component cracking. 

114 

_, i 

...ji 



"P" w*m. immmmmmmiHiiiiKK^^ immwmmmm 

5.3 FUTURE PLANS 

The scope of work for the last six months of the current contract 
have been revised to be consistent with the overall program objectives 
as discussed in previous sections of this report. Work will continue 
under categories of Component Development, Material Technology and 
Material Fabrication. The total program will be summarized in final 

report form. 

Ceramic Stator Vane Development 

• Assemble the static rig and complete the thermal cyclic testing 
of Si3N4 stator vane assemblies and boron nitride insulators at 2500oF. 

• Complete performance evaluation of static rig test and perform 
stress analysis of Si3N4 vanes using temperature profiles compiled from 

.2500oF test. 

Material Technology 

• Optimize improved Sij^ compositions for hot-pressing. 

• Conduct oxidation and hot corrosion experiments on improved 
candidate materials to determine environmental effects on mechanical 

properties. 

• Accelerate process development of the high purity Sis^ powder 

required to fabricate improved Si3N4. 

• Evaluate the high temperature properties of improved Si3N4 

materials. 

• Evaluate the oxidation resistance of CVD coated, hot-pressed Si,^. 

• Complete the determination of the pertinent thermal and mechanical 

properties of boron nitride. 

• Complete microstructure, NDE and failure analysis of stator 
vane assemblies and associated hardware from 2500oF static rig tests. 

Material Fabrication 

• Develop hot-prescing schedules and produce fully dense billets of 

improved materials. 

• Purchase billets of improved materials from qualified vendors for 

evaluation of properties. 

Program Management 

• Complete final report. 
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6.     PROGRESS ON CERAMIC COMPONENT DEVELOPMENT - STATIONARY TURBINE PROJECT 

6.1 STATOR VANE DEVELOPMENT 

Summary 

The static rig testing of silicon nitride stator vanes and boron 
nitride insulators at 2S00oF was resumed in October. After steady state 
temperature runs at 1400, 2000 and 2300oF to establish gas temperature 
profiles, a cyclic mode of testing was imposed in compliance with the 
test requirements. Twenty-five cycles from 2500°? to 1200oF under 
controlled transient conditions were completed in the first series. 
The rig was opened after the second and fifth cycles primarily to check 
the condition of the newly designed Haynes 188 combustor. Combustor 
cooling was more than adequate and the vane assemblies appeared to be 

functioning noitnally. 

When the test was interrupted after cycle 25 for visual inspection 
of vanes and insulators, a shift at the outer end cap positions 
was observed. This condition caused contact between the airfoils and 
inner end caps at the tenon-trailing edge blend radius of the respective 
airfoils. No damage was apparent on the pressure side of the airfoils, 
however. Chips were identified on the suction sides of airfoils 5, 6, 7 
and 8. An eighth-inch crack was located in the trailing edge of airfoil 
3, a preoxidized airfoil. Outer end cap #1 was cracked and the outer 
insulator over vane positions 1 and 2 was damaged. 

The rig was reassembled using new components to replace those damaged 
during the first 25 cycles. Thirty-five additional transients were run. 
A crack appeared in the leading edge of vane 5 during the 22nd cycle. The 
crack was observed to propagate diagonally upward toward the trailing edge 
as a result of 8 to 10 subsequent cycles . This test series was terminated 
at the end of the 35th cycle (test cycle #60) when a crack developed in 
the trailing edge of airfoil 6. A piece had been lost from the trailing 
edge of vane 6. Vane 5 was extensively cracked. Failure analysis 
confirmed the cause of damage as thermal stress in origin but failed to 
disclose any additional defects in the remaining vane assemblies or 

insulators. 

Fourteen additional Si3N4 airfoils were received from Norton during 
the report period. NDT was used to qualify these as static rig test 
component spares pending the results of dimensional inspection, 
certification test data from Norton are also reported. 

Billet 
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6.1.1 STATIC RIG TESTING 

Introduction 

The 2500oF static rig testing of silicon nitride stator vanes and 
boron nitride insulators was resumed in October using the modified and 
rebuilt version of the water cooled rig illustrated in Figure 5.1. Since 
the combustor had been redesigned to provide more cooling in the secondary 
zone it was necessary to rerun the preliminary test schedule under 
steady state conditions to establish gas temperature profiles and confirm 
that the programmed start up and shut down transients had been achieved. 
Sixty of a proposed 100 cycles of testing to simulate the operation of a 
stationary power tuibine in peaking service were completed. A peak 
temperature of 2r>00oF was achieved at 0.8 simulation (8 atmospheres 
pressure)  The r.otal time at temperature (2500oF) approached three hours. 

The Test Configuration 

The spring loaded test assembly with metal support structure is 
essentially the same as that used earlier in the 2200OF0>) and aborted 2500 F 
static rig(7) tests. The upstream air baffle (Figure 6.1) was changed from 
0 032 in.Hastelloy X to 0.125 inch Haynes 188 to withstand local hot spots. 
It was also possible to reduce the amount of shoe cooling air because 
Carborundum Type M boron nitride (the current insulator material) has a 
higher temperature capability than the lithium alumina silicate (LAS) 
used previously. By reducing this cooling air to peimit a higher 
insulator temperature, the steady state thermal gradients in the end caps 

can be reduced proportionately. 

j. Static Rig 
.j/// Outer Shell 

- Static Rig Barrier Plate 

. Outer Housing Ring Segment 

-Button/Stop 

- Down Stream Air Baffle 

Inner Housing 
Ring Segment 

■777777777-77777 

Figure 6.1 Longitudinal View of the Ceramic Vane 2500oF 
Static Rig Test Article 
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As stated above, the insulators for the 2500oF test were made from 
hot-pressed boron nitride. The thick insulator design(3) was used in 
-isition 1 and 3 (left to right, Figure 6.2).  All of these components were 
3W except for inner insulator 4 (the small one) which was salvaged from 

the first attempt to test at 2500oF.C7) 

Figure 6.2 Inner and Outer Boron Nitride Insulators from 

2500oF Static Rig 

Norton The initial eight test vane components are shown in Figure 6.3. 
NC 132 silicon nitride is used exclusively. The airfoils are of the 
tapered twisted configuration to be used with the 3 in. outer radius end 
caps designated the third generation design.W Position 3 and 6 airfoils 
were pre-oxidized in an alumina lined muffle furnace at 2500 F for 103 
hours to determine the effect of thermal transients on silicon nitride 
material degraded by oxidation.(8) The stator vanes, as they were assembled 

in the static rig prior to the start of testing, appear in Figure 6.4. 

Steady State Profile Tests 

Following 24 hours of mixer section castable insulation bake out 
at an average gas temperature of 1500oF, the static rig was run under 
various steady state conditions to check rig performance, to determine 
gas temperature profiles, to correlate rig control parameters and to 

calibrate optical pyrometer measurements. 
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Figure 6.3 Hot Pressed Silicon Nitride Sta.-rr Vanes (Norton NC 132) 
for 2500oF Static Rig Testing - Airfoils 3 and 6 (from left) 
Were Preoxided 103 hours in an Alumina Lined Muffle Furnace 

at 2500oF (Static Air) 
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Figure 6.4   250üoF Static Rig Test Assembly in Place Showing 
Aspirating Thermocouple Rakes 
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Operating conditions applicable to the static rig at peak load are 

listed as follows: 

Fuel/Air Ratio 

Airflow 

Air Preheat Temperature 

Fuel Flow 

Fuel Temperature 

Shell   Pressure 

Exit Temperature 

Combustor Simulation 

0.0194 

30.88  lb/sec 

600oF 

0.598 lb/sec 

70oF 

100 psig 

1750oF 

0.80 

Six aspirating thermocouple rakes containing 7 thermocouples per rake 
(Figure 6.4)  were used to determine gas stream temperatures at the idle 
temperature,   1400oF,   at mid-load,   2000oF,   and at the thermocouple  limit, 
2300oF      The gas temperature profiles derived from these data appear in 
Figure "6.5   (1400oF),  6.6   (2000oF)  and 6.7   (2300oF).    The temperature 
profile at peak load  (2500oF)   shown in Figure 6.8 was extrapolated from the 
established profiles using airfoil temperatures as monitored on the 
leading and trailing edges of airfoil 4 by the optical pyrometers and 
three  surveillance thermocouples protruding a short distance from the 
transition wall   into the gas path. 

Combustor 
Transition 

Thermocouple 

thermocouple Rake 
(6 Positicns) 

Airfoil i 

Figure 6.5 

^Transition 

Gas Temperature Profile Under Steady State Conditions 
at 1400°F (Idle Temperature) 
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Combustor 
Transition 

Thermaouple 

■Thermocouple Rake 
(6 Positions) 

Figure 6.6 

Airfoil i 

t Transition 

Gas Temperature Profile Under Steady State Conditions 
at  2000oF   (Mid  Load Temperature) 

Combustor 
Transition 

Thermocouple 

Airfoil t 

Figure 6.7 

^Transition 

Gas Temperature Profile Under Steady State Conditions 
at 2300oF (Thermocouple Rake Temperature Limitations) 
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Combustor 
Transition 

Thermocouple 

Airfoil i 

<tTransition 

Figure 6.8   Extrapolated Gas Temperature Profile Under .„. ,ady State 
Conditions at 2500oF  (Peak Load Temperature) 

The profiles thus established reflect a peak to average temperature 
variation much larger than those of the previous tests. (5'') This is to 
be expected because of the change in combustor designC8). An attempt 
was made to reduce the peak to average temperature in the temperature 
profile by replacing a fuel nozzle of 53° included angle (227 GPH) with 
one of 85° included angle (199 GPH), but the effect was negligible. 

Rake temperature is plotted as a function of height at the rake 
transition plane location (^5 in. upstream of the vane inlet) in 
Figure 6.9. Clearly, the inner region of the airfoil is hotter_than the 
outer region. The peak temperature of rake 3 occurs at 40% height and 
the peak temperature of rakes 2, 4 and 5 occurs at 60% height (rake 6 
was removed to permit viewing through the horoscope). However, the 
supercooled nature of the combustor, as evidenced by the metal 
temperature distributions of Figure 6.10 (peak temperature = 1420oF) as well 

as the angular manner in which cooling air enters the outer area of the 
vanes leads to the initial conclusion that the peak temperature location on 
the airfoil is closer to 40% height than it is to mid-height as assumed 

initially. 

Vanes 3, 4, and 5 operate in the hottest (2500oF+) zone, while vanes 
2 and 6 operate in the 2200oF+ region. Vanes 1 and 8 probably experience 
temperatures below 2200oF. 

I 

I 
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Figure 6,9 

20 40 60 80 
Percent Height At Transition (%.' 

Gas Temperature vs Percent Airfoil Height [Leading Edge) 
for Extrapolation of Peak Load Gas Temperature Profilf 

The static rig functioned without difficulty in the stP.rlv =+a + operation  All n-p th.^  ™ö+«i 4.       "üJ-J-^UI L/ in tnc stedcly state 
level.  rn     i   f6 al temPerat"res remained well ^elow critical 

Cooled sections = 2750F peak 

"Uncooled" entrance lip = 5530F peak 

-Uncooled" exit lip = 1626°? (peak at top) 

= 15i)9cF (peak at bottom) 
= 14220F (peak at side) 
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Transient Thermal Cycles  1-25 

The transient thermal   cycle    de^r-Hh^ri K„ c- ,■   ,, 
for 100 cycles of static rig testinfat Sson'P „JF* 6A1 ^ establi^ed *„ ,    , '-V-'.-L'- ixg   LCbLing at  zbUU F peak  vane temnp-ratiiT-o 

1. Idle  (1100oF)   to peak of 2500oF at  10oF/sec. 

2. Hold at peak for 3 to 5 minutes. 

3. xnstant fuel  cut back to mid-load condition of 200CoF. 

4. Hold at mid-load for 45 seconds. 

5. Contr-iled shutdown from mid-load to idle at 250F/sec. 
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Figure 6.10  Combustor Wall Temperature Under Peak Load Conditions 

at 2500oF 

Cyclic testing resumed in October. The cyclic response actually 
achieved is indicated by the dashed lines in Figure 6.12. The up ramp 
was about 80F/sec. The 45 second hold during controlled shut down 
occurred at 2360oF rather than at 2000oF as planned. The^emperature 
decay from hold to idle (1350oF actual) never exceeded 80F/sec as 
recorded on the suction side of vane 4 by the "Z" pyrometer which was 

used for control. 

The static rig was shut down for visual vane inspection through the 

transition after cycles 2, 5 and 25. Heavy reddish brown deposits were 
observed after two cycles.  It was difficult to differentiate the pre- 
oxidized airfoil in positions 3 and 6 from the other airfoils. There 
was no evidence of damage or malfunction. After the fifth cycle of testing, 
no changes were detected in the appearance of the vanes, although only 

the pressure side surfaces were accessible. 
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Figure 6.11  Planned Ftator Vane Transient Thermal Cycle for 2500oF 
Tests 

0        220      240       260       280      300      320      340      360       380      400      420      460      480 
n r 

1600 

1400 

12D0 |- 

1000 

n 1 1 \ r 
Legend: 

Pyrometer, Cycle, Ma. Rate 
 12/75 35 Cycle Test 

Z,®, 60F/S 

Z,(D,380F/S 

_L _L _L 
20      40 60       80 100      120       140 

Time. Seconds 
160       180      200      220      240     260 

Figure 6.12  Typical Transient Thermal Cycles as Recorded from 
Static Rig Testing at 2500oF (Cycles 1-25 and 26-60) 
respectively. 
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At the 25 cycle point, the rig was again opened for routine inspection. 
The outer end caps were found to be misaligned. These end caps had 
apparently translated and rotated dowi stream with respect to the outer 
insulators, as indicated in Figure 6.13. The inner end cap alignment 
remained relatively good but a shift in airfoil position caused edge 
loading as illustrated in Figure 6.14.  Chips were found at this location 
on the suction side of airfoils 5, 6, 7 and 8. 

Outer insulator 1 was damaged (Figure 6.15) apparently by a combination 
of downstream edge contour radius loading by Outer End Cap 2 as well as a 
downstream circumferential wedging type load caused by Outer End Cap 3. 

The vane assembly components as they appeared after being removed 
from the test assembly are shown in Figure 6.16. 

The end cap movement which caused the damage would normally have been 
prevented by the downstream outer air baffle. A review of the test 
assembly following its removal fron the static rig revealed that the outer 
housing ring segment had been misaligned with respect to the inner housing 
ring segment in such a manner so as to cause the downstream outer baffle 
to be out of position and therefore ineffective. The misalignment may 
also have prevented the full translation of spring restraining forces to 
the cerPiric stator vane assemblies. 

Figure 6.13  Stator Vane Test Assembly as It Appeared in the Static 
Rig After 25 Cycles of Testing to 2500oF 

1.27 

. 
■ 

  
   mi»  ■. - ■- - 

. ^ 



rwmuui.w.mHKwwiw^^^ 

Figure 6.14  Typical Example of Airfoil-End Cap Edge Loading 
Resulting from the Shift in Outer End Cap Position 
(Cycles l-25:2500oF Static Rig Test) 

Figure 6.15  Illustration of Outer End Cap Position Shift 
During Static Rig Tests at 2500oF (Cycles 1-25) 
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Figure 6.16  Silicon Nitride Stator Vane Components as they Appeared 
After 25 Cycles of Testing in the Static Rig at 2500oF 

Failure Analysis - First 25 Cycles 

An in situ examination of the vane end cap assembly after the first 
25 cycles of testing at 2500°F showed that several outer end caps had 
dislocated during testing.  A close examination of the Si3N4 components 
showed that the dislocated end caps had caused several vanes to shift 
and contact at the periphery of the toroidal cavity in the inner end caps, 
The undesirable rubbing contact between the vanes and the inner end caps 
resulted in the chipping of the vanes as shown in Figure 6.17. 

The vanes and end caps were removed from the static rig test section 
assembly for further inspection. 

After visually inspecting each vane and end cap with a binocular 
iricrojcope, each component was lightly sandblasted to remove the 
deposits produced by the test to facilitate inspection for cracks and 
other surface irregularities.  A phosphorescent dye penetrant was used. 

Chips and/or small circular cracks which would lead to a chip were 
observed on vanes 5, 6, 7 and 8.  The chips were located in the same 
position as shown in Figure 6.17 for vane 5. Observations revealed that 
several small cracks, shown in Figure 6.18 for vane 6, were located 
beneath the chipped off piece of material. Such chips and the associated 
small cracks are caused by highly localized, edge-loading conditions. 
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Figure 6.17  Failure Indications in Silicon Nitride Stator Vane 
Components After 25 Cycles of Transient Testing in 
the Static Rig at 2500oF 

Figure 6.18 Typical Example of Chipping at the Inner End Cap-Airfoil 
Tenon Interface (Cycles 1-25 Static Rig Test at 2500or) 
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Phosphorescent penetracion revealed a small, straight crack (0.2 
inches long) located in the trailing edge of vane 3. The approximate 
location and size of this crack is shown within the circled area of 
Figure 6 17. Vane 3 was one of the two pre-oxidized vanes m this test. 
The analysis could aot indicate whether the small trailing edge crack 
was caused by either thermal stresses arising from the test or rough 
handling after the vane had been nondestructively inspected prior to 

oxidation and rig testing. 

Inner end cap number 1 was observed to have a small indentation 
which proved to be the origin of a large crack. Both the indentation 
and the approximate path of the large crack are shown m Figure 6.19 Since 
this end cap was positioned adjacent to a protruding metal component m 
the test assembly, it is strongly suspected that both the indentation 
and the large crack were caused by an impact condition with the adjacent 

metal component during assembly. 

Figure 6.19  End Cap Failure (Outer 1) from 2500oF Static Rig Test 

(Cycles 1-25) 
131 
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Transient Thermal Cycles 26-60 

All damaged components from the first 25 cycles of testing at 
2500oF were replaced when static rig testing was resumed in December. 
These test vanes are shown in Figure 6.20. Airfoils 3 and 6 are nevv 
parts which were again pre-oxidized for 100 hours at 2500oF.  Airfoils 
5, 6, 7 and 8 and Outer End Cap 1 are also new. The replacement for 
Outer Insulator 1 was made from hot-pressed Si3N4.  It had been used 
previously in the original five cycles of testing at 2500°F. (7) 

The problem of inner and outer housing ring segment alignment 
was corrected. The assembly was modified to add dowel pins which 
guarantee proper location.  The test section with vanes installed ready 
for test is shown in Figure 6.21. 

This next series of cycles ran very smoothly after control was 
established in cycle 3.  Again, none of the metal rig components 
even approached critical temperature status. As with the first 25 cycle 
series, the leading edge suction side pyrometer was used to control the 
desired vane response.  The typical response, attained with cycle 3, 
also appears in Figure 6.12 as cycle 35 up and cycle 34 down. The typical 
peak load condition reached 2560oF, the mid-load condition was 2080oF, 
up ramp was 170F/sec, initial step down was 350F/sec and final ramp 
down after hold was 180F/sec. On cycle 1, an overtemperature condition 
created a fuel trip. The cause was a supervisory thermocouple being 
located in a local hot spot position, which resulted in a continuous 
down ramp at 380F/sec.  Cycle 2 was partially unstable oscillating 
+_ 25CF during the %2000C'F mid-load hold.  Thirty-five additional cycles 
were run in all. 

Figure 6.20  Silicon Nitride Stator Vane Components for Static-Rij 
Testing at 2500oF (Outer End Cap 1 Together With 
Airfoils 3, 5-8 Represent Replacement Hardware) 
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Figure 6.21  Silicon Nitride Stator Vanes Installed in Static Rig for 
Contamination of 2500oF Tests - Airfoils 3 and 6 were 
Preoxided.  For 100 hours in an Alumina Lined Muffle 

Furnace at 2500°F. 

Following cycle 22, a crack appeared in airfoil 5 starting at ^40% 
height on the leading edge of the pressure side and propagated toward 
the outer trailing edge area. This crack was clearly visible; it was 
glowing at a different color than that of the airfoil proper.  The crack 
pattern did not change appreciably after cycle 29 until cycle 34 when a 

chip appeared at the trailing edge. 

A crack was observed at the trailing edge of airfoil 6 during the 
35th cycle. This crack apparently started near mid-height and 
propagated toward the outer tenon-trailing edge blend radius.  These 
failures are illustrated in Figures 6.22 and 6.23 as they appeared when 
the rig was opened following the termination of testing after the 
35th cycle (total 60 cycles). A section was missing from the trailing 
edge of vane 6. Cracks were clearly evident on the suction sides as well 
as the pressure sides of vanes 5 and 6.  No other damage was noted, 
however.  Excellent alignment of the test components had been maintained 
Figure 6.23,  All of the vane assemblies and insulators are shown after 
test in Figure 6.24. Airfoil 5 wa3 broken into two pieces. None of the 
end caps or insulators appeared to be damaged. 

It is interesting to note t^at the airfoil tenon area contact with 
the end cap cavity occurred along the lines of machine chatter marks 
as previously identified.^  The condition is illustrated in Figure 6.25. 
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Figure 6.22  Failure Indications in Silicon Nitride Stator Vane 
Airfoils (Cycles 26-60 Static Rig Testing at 2500oF) 

Figure 6.23  Trailing Edge View of Si N Components After 2500oF 
Static Rig Test (Cycles 26-60)  Note End Cap Alignment 
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Figure 6.24  Stator Vane Components and Insulators from Static Rij 
Testing at 2500oF  (Cycles 26-60). 

X 

Figure 6.25  Contact Areas on Outer Airfoil Tenons Defined Along 
Machine Chatter Marks 
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Failure Analysis Cycles 26-60 

All airfoils and end caps were inspected for cracks in the same 
manner as that described under Failure Analysis Cycles 1-25. No cracks 
or surface irregularities were observed on any components except those 

previously identified on airfoils 5 and 6. 

An analysis of the crack pattern (Figures 6.26 and 6.27) and the 
markings on the fractured surfaces showed that the cracks in vane 5 
initiated at the leading edge, those in vane 6 initiated at the trailing 
edge.  The vane areas close to the end cap were closely scrutinized 
for possible contact stress crack origins. Although several cracks 
propagated toward these areas, no crack origins were observed. This 
fracture analysis strongly suggests that the cracks observed in vanes 
5 and 6 during the second 35 cycles at 2500oF were caused by thermal 

stresses. 

No definite conclusions will be drawn until testing and subsequent 

stress analysis are completed. 

vacuum sida 

b. pressure side 

Figure 6.26  Ultraviolet Macrographs of Vane 5 Showing Cracks as 
Revealed by Dye Penetrant 

. .  ■  : 
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vacuum side 

b. pressure side 

Figure 6.27  Ultraviolet Macrographs of Vane 6 (Preoxided) Showing 
Cracks as Revealed by Dye Penetrant 
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6.1.2 VANE FABRICATION 

Introduction 

The Norton Company continues as the sole source of hot-pressed 
materials for the fabrication of stator vane assemblies. Rework of the 
fourteen tapered-twisted airfoil sections for the 2500oF static rig test was 
compleSd satisfactorily early in the report period.  An additional fourteen 

airfoil sections were also delivered. Twenty end caps are scheduled 
for deliver- in early March to complete all the requirements for hardware 
lander the p'resent scope of the project. Billet certification data are 

reported. 

Static Rig Test Hardware 

Fourteen additional airfoil sections manufactured from Nortr NC 132 
silicon nitride billets were delivered in December. These will K used 
as needed to replace airfoil sections which are damaged in subsequent 
cycles of static rig testing at 25006F to complete the 100 cycle program 

objective. 

Routine inspection of these airfoil parts by dye penetrant technique, 
x-ray radiography, and ultrasonic scanning failed to disclose any defect 
or abnormality worthy of mention. All components were found to be of 
high quality when inspected to the NDT specifications. Dimensional 

inspection is in progress. 

The 10 end cap sets required to complete the total hardware order 
are still being manufactured by Norton. Norton promises final delivery 
in early March. As it now stands, 28 airfoil sections and 24 eno :eps have 
been delivered as part of the original order for 100 vane sets,  i c 1GÜ 
vane set order was canceled after the initial 10 sets of stator uane 
hardware were received with a partial order requirement for the 10 
additional sets. Norton is currently conducting an inventory of billets 
and partially completed parts in compliance with government requirements. 

Vane Certification Data 

Airfoils and end caps are manufactured from billet material by precision 
diamond grinding. All billet material used in the manufacturing process 
must meet a mean strength minus 2 standard deviation specification of 
80,000 psi in 4 pt flexural loading at room temperature. The density 
must exceed 3.18 gm/cc at a calcium concentration not to exceed 1000 ppm. 

The room temperature strength and density certification data as 
supplied by Norton in compliance with the airfoil specification are summarized 
in Table 6 1 for all completed airfoils and airfoil blanks. It is 
obvious that wide scatter exists in both strength and density from oillet 
to biliet  These data are currently being correlated with airfoil 
performance in the static rig to see if failures can be explained by 
differences in material properties within the scatter band. When this 
analysis is complete, the probability of failure will be reported for 
Norton NC 132 silicon nitride in the stator vane configuration under 
conditionsof static rig testing. The results should be applicable to 

full turbine operation. 
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Norton has not supplied certification data for the billets used 
in end cap manufacture. Ther.e data ^l1 b«-; discussed as part of the 

final report. 

TABLE 6.1 

AIRFOIL CERTIFICATION DATA 

Vane 
No. 

3 
4 
6 
8 
9 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
64 
65 
66 
67 
OK 

69 
70 
7:^ 
76 
79 
80 
81 
HJ 
83 
84 
8 b 
87 
89 
90 
92 

Mean 
Strength * Mean-2 Std 

(psij Deviation 

127,400 86,000 
132,300 110,100 
132,300 90,300 
117,600 97,400 
130,300 98,100 

119,400 106,000 

119,159 80,400 

131,600 112,400 
134,600 99,200 

125,600 80,800 

138,700 113,100 

129,500 98,100 

119,200 81,800 

133,400 104,400 
132,000 98,200 

118.700 92,300 
125,000 90,400 

124,200 90,400 

130,000 100,200 

132,400 115,000 

126,300 96,700 

133,300 111,300 

131,100 108,900 

128,500 97,900 

129,800 104,400 

120,205 84,800 

132,600 120,000 

141,054 131,300 

130,300 103,100 

122,000 96,400 

124,100 105,300 
117,300 92,100 

123,900 101,100 
117,200 82,400 

123,300 80,700 

125,000 102,200 

124,200 91,600 

123,100 87,500 
114,397 82,600 

119,700 80,500 

121,300 91,900 

117,126 102,500 

115,203 93,800 

113,870 87,900 

112,541 92,300 

Density 
(R/cc) 

3.27 
3.27 
3.27 
3.24 
3.27 
3.25 
3.24 
3.21 
3.25 
3.26 
3.26 
3.27 
3.26 
3.25 
3.27 
3.21 
3.22 
3.21 
3.-,l 
3.22 
3.24 
3.22 
3.22 
3.22 
3.22 
3.22 
3.22 
3.22 
3.21 
3.22 
3.22 
3.22 
3.27 
3.26 
3.21 
3.21 
3.21 
3.22 
3.21 
3.22 
3.21 
3.20 
3.20 
3.21 
3.20 

Vane 
No^ 

31 
32 
33 
35 
37 
38 
39 
40 
■11 
42 
43 
14 
45 
46 
47 
48 
49 
50 
57 
58 
59 
(.0 
61 
b2 
(^ 
94 
95 
96 
97 
',18 

99 
10C 
101 
102 
103 
104 
105 
107 
108 
109 
110 
113 
114 
115 
122 

Mean 
Strength Mean-2 Std Density 

(psi) Deviation («/c<0 

124,700 92,700 3.22 

120,200 94,400 3.22 

111,100 88,700 3.21 
125,000 103,600 3.22 

131,200 118,200 3.23 
122,000 90,800 3.23 

132,200 100,000 3.22 

134,700 113,700 3.22 

124,470 92,768 
113,600 86,000 3.21 
128,700 101.700 3.22 

124,000 106,200 3.22 

125,200 95,600 3.23 

131, 100 114,900 3.23 

123,8i 0 106,200 3.22 

127,61,0 102,000 3.22 

125,800 96,800 3.22 

117,115 85,100 3.23 
122,400 101,200 3.24 
128,100 9l,9rj 3.24 

122,228 90,052 
116,700 100,100 3.23 

115,300 95,100 3.24 

121,100 82,100 3.24 

119,200 82,600 3.20 

113,878 87,300 3.21 

124,200 89,200 3.21 

127,900 90,100 3.20 

123,800 90,000 3.20 

123,800 i<&,600 3.21 

121,100 87,100 3.21 

115,300 83,500 3.21 

122,500 90,100 3.20 

124,500 91,700 3.21 

125,500 105,300 3.21 

116,800 95,200 3.21 

114,800 86,400 3.24 

114,556 80,000 3.24 

118,300 83,700 3.24 

120,000 85,800 3.21 

116,500 86,900 3.22 

118,900 95,300 3.24 

123,800 93,100 3.22 

127,300 104.500 3.22 

122,000 81,200 3.20 

Norton Data at Room Temperature, Quarter 
Specimen 1/8" x 1/8" x 6" Multiple Brea 
Fabrication 

Point Loading - 1-1/2" Outer Span; 
ks from Contoured Billets Used in Airfoi 
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7.  PROGRESS ON MATERIAL TECHNOLOGY - STATIONARY TURBINE PROJECT 

7.1 MATERIAL ENGINEERING DATA 

Summary 

In the stationary turbine project, commercially produced hot-pressed 
silicon nitride and silicon carbide have been subjected to intensive 
investigation to provide design engineers and stress analysts with Physical, 
mechanical and thermal property data as required. This work is expected to 
continue throughout the program in order to update properties as material 
improvements evolve and to verify billet P^perties to asjur« rellabili^ 
of test components fabricated from the hot-pre-  billets. This section 
reports the acquisition of additional propert    jrmation. 

The properties of boron nitride insulator material have been 
determined to verify vendor data/ Results ^ date incite flexural Strength. 
elastic modulus, shear modulus, Poisson's ratio and thermal expansion 
Thermal conductivity measurements are in progress, but data are incomplete 

at this time. 

The tensile creep life of Norton NC 132 silicon nitride exceeds 

10,000 hours at 2100X 10,000 psi stress. 
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7.1.1 PROPERTIES OF BORON NITRIDE INSULATOR MATERIAL 

Introduction 

The material properties of a hot-pressed boron nitride*insulator 
material were characterized to verify the vendor data used in design 
calculations. Specimens were prepared from five pieces of hot-pressed 
boron nitride cut from billets used to manufacture insulators for static 
rig tests at 2500oF. The list of properties measured includes:  density, 
flexure strength vs. temperature, compression strength, Poisson's ratio, 
elastic modulus, sonic velocity, flexure creep, thermal expansion and 
thermal conductivity. 

Density 

The density of each of the five pieces was measured by water 
immersion. Results are tabulated below: 

Piece No. 

Density g/cc 

Water Absorption   .007%   .004% 
100 hours in 50% 
humidity 

12      3      4      5 

2.11    2.13    2.14    2.12    2.13 

.005%   .004%   .006% 

Flexure Strength vs. Temperature 

Flexural strength was determined up to 2000oF in four point loading. 
The load span was 0.50 inch over an outer support span of 1 inch. Nominal 
specimen dimensions were 0.125 inch thick,0.250 inch wide and 1.25 inch 
long.  In the "B" direction, the specimens were finished with the tool 
marks in the longitudinal direction and in the "A" direction the tool 
marks were perpendicular to the longitudinal direction (Figure 7.1). 
Final grinding was done with Al 320 grit diamond wheel. Drawings of 
the flexure specimens are shown in Figures 7.2 and 7.3. Three specimens 
from each direction were tested at each temperature condition. Flexure 
strength is reported in Tables 7.1 and 7.2. The results are plotted as 
a function of emperature in Figure 7.4. 

Other flexure tests were conducted on .125 inch thick, .250 inch wide 
and 2 inches long specimens (Figure 7.5) at test temperatures of 750F, 
1800oF and 2000oF using a three rod deflectometer to obtain stress-strain 
curves. All of these specimens were cut from the "B" direction orientation 
These test results appear in Table 7.3. Typical stress-strain curves at 
2000oF is shown in Figure 7.6. 

♦Carborundum Combat "M" Boron Nitride 
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Specimen Identification: 
First Number Indicates 
Piece, Letter-Direction, 
Last Numbers - Specimen 
Number 

Figure 7.1   Specimen Orientation in Boron Nitride Insulator Materials 

1.25 

Direction of 
Tool Marks 

11 A. 001 
125 

250 

/ 

Figure 7.2   Flexural Specimen "B" Direction 

1.25 
Direction of 

1TÄTM1 1    — To01 Marks 

-A- 
125 —.250 

Figure 7.3   Flexural Specimen "A" Direction 
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TABLE  7,1 

FLEXURE STRENGTH OF HOT-PRESSED BORON NITRIDE 'A" DIRECTION 

Ultimate 

Spec. Test Spec. Size (in) Flex. Strength 

No. Temp. (WD) (TK) (LB) (PS1) 

2A1 RT .2500 .1224 20.2 4090 

2A2 RT .2520 .1234 20.2 3990 

2A3 RT .2491 .1229 19.6 3950 

2 A4 1200oF .2526 .1230 20.4 4040 

2A5 1200oF .2530 .1232 20.8 4100 

2A6 1200oF .2538 .1225 21.4 4260 

2A7 1500oF .2509 .1230 24.6 4910 

2A8 1500oF .2509 .1232 25.7 5110 

2A9 1500oF .2471 .1234 22.6 4550 

2A10 1800oF .2506 .1234 24.8 4920 

2A11 1800oF .2508 .1234 20.4 4050 

2A12 1800oF .2493 .1224 22.0 4460 

2A13 2000oF .2441 .1234 22.8 4650 

2A14 2000oF .2499 .1229 22.4 4490 

2A15 2noo0F .2530 

TABLE 

.1231 

7.2 

23.1 4560 

FLEXURE STRENGTH OF HOT-PRESSE! 1 BORON NITRIDE "B" DIRECTION 

Ultimate 

Spec. Test Spec. S ize (in) Flex Strength 

No. Temp. (WD) (TK) (LB) (PSI) 

2B1 RT .2509 .1292 58.4 10650 

2B2 RT .2515 .1274 60.5 11350 

2B3 RT .2516 .1278 63.4 11800 

2B4 1200oF .2512 .1244 60.2 11850 

2B5 1200oF .2494 .1280 58.4 10950 

2B6 .2510 .1285 

2B7 1500oF .2524 .1287 57.7 10450 

2B8 1500oF .2530 .1243 48.9 9480 

2B9 1500oF .2521 .1281 68.3 12500 

2B10 1800oF .2528 .1280 75.1 13750 

2B11 1800oF .2519 .1289 63.0 11400 

2B13 1800oF .2540 .1280 56.0 10200 

2B14 2000oF .2506 .1284 66.4 12150 

2B15 2000oF .2488 .1277 86.] 16100 

2B21 2000oF .2504 .1267 69.. 13000 
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Figure 7.4   The Effect of Temperature on the Flexured Strength of 
Boron Nitride Insulator Material. 

Direction of 
Tool Marks 

£ 125 

-.250 

Figure 7.5   Flexural Specimen for Stress-Strain Determinations 
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TABLE 7.3 

ELASTIC MODULUS MEASUREMENTS FROM FLEXURE TESTS 

Specimen 
No. 

Test 
Temperature 

Ultimate 
Strength, psi 

Elastic , 
Modulus x 10 psi 

3B1 750F 11,300 12.43 

133 750F 11,450 11.38 

184 750F 10,550 7.22 

332 1800oF 15,400 7.33 

333 1800oF 14,400 8.44 

135 1800oF 14,200 9.71 

136 2000oF 18,600 8.58 

334 2000oF 11,250 6.9] 

60 

30 

40 

x, 30 
o 

20 

10 

1-22-76 
1B6 (. 2477" x . 1257" 
2000°F 
11 Ib/min 

10lb< 001" > 

48.5 1b 

i 

001 .002 

Deflection (in.) 

.002 

Figure 7.6 Typical Load Deflection Curve for Boron Nitride Insulator 
Material 
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Compression Tests 

Compression tests .ere conducted at 750F, 15000F. 1800oF and 200ü'F, 
using specimens illustrated in Figure 7.7.  At 75°F, specimens from both 
directions were strain gaged to provide elastic modulus and Poisson s 
ratio data for comparison with sonic velocity test results. Compression 
results are shown in Table 7.4. The material acts isotropically in 

compression tests. 

1.00 
I 

< 
I 

Figure 7.7   Compression Specimen 

TABLE 7.4 

COMPRESSION RESULTS FOR HOT-PRESSED BORON NITRIDE 

Specimen 
No. 

Test Ultimate Elastic , 
o 

Poisson's 

Temp. 0F 

75 

Strength, psi 

25,350 

Modulus x 10 psi Ratio 

1.24 4A1 
.053 

4B9 75 27,250 8.91 .114 

4A4 1500 23,500 No Data No Data 

4A2 1800 36,150 No Data No Data 

4B10 1800 37,400 No Data No Data 

4A3 2000 36,700 No Data No Data 

Flexure Creep Te sts 

A flexure creep test was conducted at 1800oF and 5000 psi on a "B" 
direction specimen and at 1800oF and 2500 psi on "A" direction specimens 
The same loading spans and specimen configuration that was used m the 
flexure strength tests were used.  A flexure creep curve is shown m 

Figure 7.8. 

Sonic Velocity 

Elastic and shear moduli were computed from the extensional and 
torsional wave velocities through the material. Poisson's ratio was 
calculated, the E and G values obtained. Cylindrical specimens were 
used   (Figure 7.9). 
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Specimen No. 3B5 (43) Boron Nii:ide 

Test Conditions: 
Temperature 1800; F (982°C) 
Four Point Loading 
.50 in. Load Span, 1.00 in. Support Span 
5000 psi Fiber Stress 

2.0 

1.8 

1.6 

^ 1.4 

| 1.2 
Co 
Q.   1.0 
Ol 
a> 
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Time, hrs 

Figure 7.8   Flexural Creep in Boron Nitride Insulator Material 
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Figure 7.9   Thermal Expansion an1 Sonic Velocity Test Specimens 
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Thermal Expansion 

Thermal expansion to 1800oF was measured with a quartz tube 
dilatometer using specimens 0.25 dia. x 2 inches long (Figure 7.9).  In the 
"A" direction two 1 inch long pieces were stacked.  Two specimens from the 
"B" direction were tested because of the low thermal expansion elongation 
obtained.  Thermal expansion curves are shown in Figures 7.10, 7.11 and 
7.12. 

2700 

2400' 

.E 900 

Report No. 17372 (3-76) 
Theniidl Expansion of Boron Nitride 4A7 

from 770Fto 1800oF to 770F in Air 

Lgt. 
Lgt. 

Before 
After 

2.0226 in. 51.3742 MM 
2.0235 in. 51.3971 MM 

Heating o 
Cooling n 

Parallel Direction 
Tested for Ed Diaz 

600        800       1000 

Temperature  0F 

1800 

Figure 7.10  Thermal Expansion of Boron Nitride Insulator Material 
Parallel to the Hot Press Direction "A"  (Across Insulator) 
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Thermal Expansion of Boron Nitride 1B7 
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Figure  7.11 
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Thermal Expansion of Boron Nitride Insulator Material 
Perpendicular to the Hot Press Direction "B" (Through 

the Insulator) 
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Report No. 17372(4-76) 
Thermal Expansion of Boron Nitride IBS 
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Thermal Expansion of Boron Nitride Insulator Material 
Perpendicular to the Hot Press Direction "B" (Repeat 

Determination) 
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Thermal Conductivity 

The thermal conductivity is being determined in both the "A" and "B" 
directions by a comparative bar technique.  Both specimens could not be 
made to the same dimensions because of the bulk dimensions of the piece 
from which they were to be obtained.  The thermal conductivity specimens 
are shown in Figure 7.13.  Test results are not complete and, therefore, 
are not presented here. 

1^.0005 

i 
500 Dia. 

T 

3.6: 

.500 
1 

linn B" Direction 

448 Dia. 

T 

11 A. 0005 

1 
500 Dia. 

1.400 
-A- 

HAH A" Direction 

Figure 7.13  Thermal Conductivity Specimen 
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7.1.2 LONG TERM TENSILE CREEP PROPERTIES OF HOT-PRESSED SiJT 
3 4 

Introduction 

A tensile creep test matrix was developed to describe the tensile 
creep behavior of hot-pressed silicon nitride in a regime compatible with 
stator vane applications. The conditions of temperature and stress were 
selected to yield meaningful data within a reasonable time frame 
(1000 hrs if failure did not occur first) for the most part. In some 
instances, tests extended beyond 2000 hours, but estimates of creep life 
were made by extrapolation. These results were reported previously.(3-7) 
A 10,000 hour creep test was performed to confirm the life estimate 
calculations. At 2100oF, 10,000 p.si stress, the specimen did not fail 
after i0,020 hours. 

Stress Rupture Testing 

(3) A standard tensile creep specimen  ' was set up in a lever arm 
creep machine and loaded to 10,000 psi at 2100oF using TD Nickel Chromium 
grips as part of the established procedures. The test was finally 
terminated after 10,000 hours when the final set of windings in the 
furnace burned out. Results are plotted in Figure 7.14. The test confirms 
a stress rupture life for Norton NC 132 silicon nitride in excess of 
10,000 hours at 210CoF, 10,000 psi stress. 

2 4 

Si3N4-CR -23 

2100oF10ksi 
Bil. #060872 

5 6 7 

1000 Hrs 

Test Stopped 
10,219 Hrs 

2.65% 
o-o 

10 

Figure 7.14  Creep Life of Si N  (NC 132) at 2100oF 
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7.2  IMPROVED SILICON NITRIDE MATERIALS 

Introduction 

With the exception of a small experimental program with Energy 
Research(l,2) in 1972 to develop CVD silicon carbide vanes for initial 
evaluation, Westinghouse has relied solely on the Norton Company for 
silicon nitride and silicon carbide hot-pressed billets and components 
manufactured therefrom.  Norton demonstrated the great potential of silicon 
nitride as a structural ceramic in high temperature applications with the 
continued improvement of their hot-pressed material from the HS-110 series 
through HS-130 toNC -132 which must be considered the highest quality 
hot-pressed silicon nitride commercially available today. Norton's 
development of NC 203 hot-pressed silicon carbide was also achieved in 
support of the ARPA turbine project. While the improvements in material 
properties have been impressive, test results to date indicate that 
further refinement is necessary to reach the standard of reliability 
required for turbo machinery. To accomplish this, a material improvement 
task has been added to the Stationary Turbine Project to support ongoing 
other DOD activities in this area. Silicon nitride powder 
preparation, hot-press studies of the Si3N4-Si3N4 • Si02 - Y2O3 • 2Si02 
system and fabrication processing a^e reviewed in Sections 7.2.1, 7.2.2 
and 7.2.3, respectively. 
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7.2.1 Si3N4 
POWDER 

A task was initiated to accelerate the production of laboratory 

quantities of a high purity 813^ powder that has beef
n

f .^^J
0P^ty 

Westinghouse. The purpose is to make available a sufficient quantity 
of the powder for use in the fabrication and characterization of 
improved hot-pressed Sis^. This report provides information on the 
characteristics of the starting Si and the resultant 813^ powders. 

Silicon Metal Powder Characteristics 

A spectrochemical analysis and oxygen content of the silicon metal 
powder are shown in Table 7.5. Oxygen analysis is obtained by an inert 
gas fusion technique. The particle size distribution of screened silicon 
powder as determined with a Micromeritics Model 5000 Particle Size 
Analyzer is given in Figure 7.15. Studies have shown that silicon powder 
finer than -200 mesh is necessary to minimize the amount of unreacted 
silicon in the nitride powder. Present processing produces Powder with 
< 1% unreacted silicon. As described elsewhereC8), the oxygen content 
of the final nitrided powder is important to optimizing the properties 
of the final hot-pressed material. Oxygen content can be varied by 
either the addition or deletion of Si02 in the silicon powder. 

TABLE 7. 5 

SPECTROCHEMICAL ANALYSIS 
(wt%) 

Silicon Powdi. 

Al .064 

Ag < .001 

B .003 

Bi < .003 

Ca .019 

Co < .001 

Cr .12 

Cu < .01 

Fe >.l 

Mg < .003 

Mo < .003 

Ni .008 

Pb < .91 

Ti .028 

V .011 

Si licon Nitride Powder 

.062 

< .001 

< .003 

«. .01 

.012 

.002 

.01 

< .01 

>.l 

< .003 

< .003 

.012 

< .01 

.011 

.021 
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Fiaure 7.15 Particle Size Distribution In Screened Silicon Metal Powder 

Scale-Up of SvgN^ Powder 

High purity silicon nitride powder has been scaled up to produce 
laboratory quantities of ^8-9 Kg/month. The type of furnace used in the 
powder nitriding process was modified in order to prevent excessive 
oxygen pickup., A common source of oxygen is water vapor contained in 
the refractory linings of large furnaces. This problem as well as 
excessive deterioration of heating elements has been prevented by the 
use of closed-end mullite tubes fitted with leak-tight gaskets and 
end caps. The modified furnace arrangemenc has been used about three 
months with no maintenance problems. 

Characterization of Nitrided Powder 

Spectrochemical analysis for metallic impurities and oxygen analysis 
were performed to describe the nitride powders produced. Phase content, 
i.e., a-Si3N4, ß-Si3N4, Si, etc. was determined by x-ray diffraction. 
The SITNA powder had to be jet milled and dry screened with all particles 
of size > 100 mesh (150 micron) separated out to prevent clogging of the 
Micromeritics Particle Size Analyzer. These particl.es inäy also be 
harmful to strength specimens when hot pressed.„„-Average particle size 
was approximately 12 microns. The curre.it,pdWder being produced has an 
a/ß ratio of approximately 90/10 (just about all > 85/15), an unreacted 
silicon content of <_ 1%, and an oxygen content in the 0.5-0.8 wt% range. 
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7.2.2 THE Si N -Si N, 
3 4  3 4 

SiO, Y203 
2SiO SYSTEM 

Investigations of the ternary system Si N - Y 0 - SiO have 
disclosed that materials whose compositions lie within the compatibility 
triangle Si3N4 - 813^ • SiC^ Y20, 2Si02 display extraordinary resistar;e 
to oxidation.  In addition, strengths at certain compositions were 
comparable to those of the Si3N4 - MgO system.  Further investigation 
of the compatibility triangle was undertaken to optimize the properties. 

Two inch diameter by 1/4 inch discs were hot-pressed from the 
compositions near the high Si3N4 corner of the phase triangle (listed in 
Table 7.6).  Compositions containing greater than 89 m/o Si3N4 could 
not be pressed to full density, nor could those containing less than 
3 m/o ^2®$-     Compositions near the Si3N4 - Y2O3 • 2Si02 tie line were 
most easily pressed as were those containing less than 80 m/o Si3N4. 
inability to densify is attributed to insufficient liquid eutectic at 
the higher Si3N4 and lower Y2O3 contents. 

This 

Flexural strength specimens were machined from the dense discs for 
tests at room temperature and at 2550oF.  The results, appearing in 
Table 7.6,   indicate that room temperature strengths were greater for 
higher Si3N4 consents. Elevated temperature strengths appeared to improve 
at higher SiO^/Y2O3 ratios, i.e., away from the Si02/Y203 = 2 tie line. 

TABLE 7.6 

CHARACTERISTICS OF EXPERIMENTAL HOT-PRESSED DISCS 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Compc asition,  mole percent 
Si3N4 Y203 

Si0o 

93.2 1.5 5.3 

90.0 2.0 8.0 

89.0 3.0 8.0 

89.0 3.5 7.5 

89.5 0 10.5 

86.5 3.0 10.5 

87.0 4.3 8.7 

85.5 4.0 10.5 

84.5 5,0 10.5 

84.0 3.0 13.0 

79.8 6.2 14.0 

76.3 6.2 17.5 

70.4 10.1 19.5 

Fully 
Dense 

No 

No 

No 

* 

No 

* 

Yes 

* 

Yes 

* 

Yes 

Yes 

Yes 

Avg Flexure Str, ksi 
R.T.      1400oC 

86 

78 

74 

83 

** 

71 

73 

65 

55 

48 

63 

45 

62 

** 

59 

46 

59 

46 

Discs thermally cracked 

Inconsistant:  some pressings were fully dense and others not. 
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A good compromise between fabricability, room temperature strength, 
and elevated temperature strength seems to occur in the region of the 
ternary diagram between 85.5 to 86,5 m/o Si3N4, 3 to 4 m/o Y2O3 and 
10 to 11 m/o SiC^.  Therefore, large pressings (5-1/2" x 3-1/2" x 1") 
were made in this region:  a) 86.5 m/o Si3N4 - 3 m/o Y2O3 - 10.5 m/o SiC^, 
and b) 85.5 m/o Si3N4 - 4 m/o Y2O3 - 10.5 m/o SiC^.  Neither composition 
densified fully, although the block containing 4 m/o Y 0_ had core regions 
that reached high density.  The inability to fully compact seems to be 
associated with the dissociation and subsequent loss of material from 
the periphery of the block. X-ray results indicate a loss of SiC^ which 
alters the composition toward higher Si3N4, thus making it more difficult 
to press. 

A large block containing 84.5 m/o Si3N4 - 5 m/o Y2O3 and 10.5 m/o 
Si02 was successfully compacted.  Unfortunately, thermally induced 
cracking was observed in the piece even though a slow cool down cycle 
(150oC/hr) had been employed.  A 2" diameter disc of similar composition 
also contained cracks. As a result, strengths of both were low. Examination 
by SEM of the fracture surface of specimens of the composition close to 
the Si^N^ - Y2O3 • 2Si02 tie line showed the structure to be more glassy 
than compositions further from the tie line.  There appears to be more 
low melting eutectic which is less tough than the 813^ matrix. Work 
on both large and small blocks will continue in an effort to solve these 
problems. 

Several different compositions within the compatibility triangle 
were subjected to static oxidation at both 1800oF and 2500oF. Although 
previous Si3N4 materials containing /203 have displayed catastrophic 
phase instability at 1800oF in an oxidizing atmosphere, these materials 
are extremely resistant.  Within the errors of measurement, 
no weight gain was observed up to 100 hrs.  Oxidation resistance at 
2500oF is also excellent. 

Fabrication and Processing 

In order to achieve a more homogeneous, higher grade hot-pressed 
product, improvements are being made in processing procedures. After 
nitriding and crushing, all powder is now jet milled and dry screened 
through at least 220 mesh. An additional wet screening step has been 
added after ball milling to further eliminate any contaminants such as 
..'C chips from the grinding media. 

The effect of Si3N4 particle size on strength is being investigated 
to determine if particle classification should be used. Two \ jndors of 
air classifiers have each separated a powder of known size distribution 
into six size groupings. These are presently being hot-pressed. The 
discs will be tested for strength and the microstructure will be evaluated 
to determine the effect of the starting powder particle size on the 
resultant product. 

The thermally induced cracking which sometimes occurs during the 
cool down from hot-pressing temperatures in the more deformation resistant 
materials has been largely eliminated by slower controlled cooling rates. 
However, some cracking still occurs in large billets of certain compositions 
and residual thermal stresses are suspect in the rest.  In addition to 
the lower cooling rates, the effect of an annealing step should be 
evaluated. 
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Density variations between the billet interior and exterior continue 
to plague the hot-pressing of 813^ - Y2O3 - Si02 material. As mentioned 
above, this seems to be caused by the loss of some of the material from 
the periphery, with an accompanying shift in the constituent balance. 
The difference between large and small billet pressing is not clearly 
understood. Thermal gradient differences between the dies may be 
significant.  Decomposition might be a function of the total surface 
area of the billets.  Attempts will be made to overcome these problems. 
Initially, the thermal insulation of the die will be improved.  Also, 
the inner walls of the die will be coated with a high Si02, high Y2O3 
powder mixture to reduce the driving force for decomposition below the 

surface. 
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7.3.1 OXIDATION BEHAVIOR OF EXPERIMENTAL Si N HOT-PRESSED WITH Y„0 AND SiO 

The oxidation behavior of experimental Si N materials hot-pressed with 
Y2O3 and Si02 was studied in order to obtain a comparison with commercial 
hot-pressed SijN^ However, due to the limited availability of these 
materials, only a few oxidation experiments were carried out.  These results 
are considered to be preliminary. 

Experimental 

The Si3N4 used was prepared by hot-pressing the powder with controlled 
amounts of Y2O3 and Si02 to avoid the formation of various deleterious 
Y-Si-O-N phases. These phases and mcterials containing these phases have 
been shown to oxidize catastrophically at temperatures M800oF. 8   In 
order to confirm the absence of these deleterious phases, the Si3N4 material 
was exposed to air at 1800oF for extended periods of time.  Under these 
conditions, the oxidation of the material was insignificant, and it was 
not prone to catastrophic failure. 

The oxidation experiments were performed by exposing test samples, 
in the form of 1/8" x 1/4" x 1-1/8" rectangular bars, to an environment 
of static air in a globar-resistance furnace. The change in the wc;-ht 
of the sample was determined by weighing the sample both before and after 
oxidation. The weight gain data at 2500oF for specimens from three 
different billets (all same composition) are summarized in Table 7//; 

TABLE 7.7 

Billet 
Identification 

Number of 
Specimens 

Oxidation 
Time,hr 

Weight  Gain 
mg/cm^ 

Parabolic Rate 
Constant''" 

■4hr-l mg^cnv ng 
R7-18-75* 
CP-30** 
CP-51* 

1 
2 
5 

235 
288 
303 

0.15 
0.29 
0.21 

9.57 x lO-5 

2.92 x 10-4 
1.45 x  10-4 

t 

Small billet   (2" diameter x  1/4" thick) 

Large billet   (5-1/2" x 3-1/2" x 1") 

Assuming oxidation  to be perfectly parabolic 

The oxidation rates of these materials are much smaller than those 
for Norton's HS-130  Si3N4  as  reported previously.     Moreover,   these 
oxidation rates are comparable to that of chemically-vapor-deposited 
Si7N4. 

The surface oxide formed on these materials after oxidation at 2500oF 
consisted predominantly of Y2O3 • 2Si02 and cristobalite. 

The flexural strength of the hot-pressed Si3N4 material with Y2O3 
addition (CP-51) was also determined both before and after oxidation at 
2500°F. These strength measurements were carried out at 2500°F under 
conditions of 4-point loading with a cross-head speed of 0.00025 in/min. 
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The 2500oF strength before any oxidation was measured to be 75,800 
O 2 600) psi  After 303 hours of oxidation at 2500oF, this strength 
decreased to 63,800 f+ 5,800) psi.  Thus, approximately 16% reduction in 
strength occurred in 303 hours of oxidation at 2500oF. This reduction in 
strength is much smaller than that observed for Norton's HS-130 S13N4 

under similar oxidation conditions. 

When the material in the Si3N4-Y203-Si02 system becomes available in 
sufficient quantity, a detailed investigation of its oxidation behavior, 
and effect of oxidation on strength will be carried out. 
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7.3.2     EFFECT OF LONG-TERM OXIDATION ON THE STRENGTH OF  COMMERCIAL 
HOT-PRESSED Si  N, 

3 4 

The  flexural  strengths  of Norton's HS-130 Si  N    after  long-term 
oxidation at  2500oF were reported  in the previous report.(^J     Similar 
measurements have now been carried out  for oxidation temperatures  of 2000 
and 2200oF.     Briefly,   the flexural strength of 1/8" x  1/4" x  1-1/8" 
specimens,  oxidized for different periods  of time were measured under 
conditions of 4-point  loading using  a strain rate of 0.002 per minute. 

Results 

Figure 7.16 shows the 2000oF flexural strength of the materials after 
different periods of oxidation at 2000oF using an alumina lined muffle 
furnace and Si3N4 supports in a static air environment.  The flexure 
strength decreases from ^100 ksi for the unoxidized material to 65 ksi 
after about 400 hours of oxidation at 2000oF. With further oxidation, 
the strength appears to remain constant.  Similarly, the 2200CF strength 
after different periods of oxidation at 2200oF is shown in Figure 7.17. 
Here again, a sharp decrease in strength i:i the first few hundred hours 
of oxidation is observed, after which the strength apparently becomes 
stable at ^60 ksi. As reported previously, the 2300oF strength after 
long-term oxidation at 2500oF apparently stabilizes at ^40 ksi. Thus, 
the reduction in strength becomes greater with increasing temperature of 
oxidation. 
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Figure 7.16 Effect of Oxidation On the Strength of Hot-Pressed Si,N. 
2000oF 
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Figure 7.17 Effect of Static Oxidation On the Strength of Hot-Pressed 
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The rer.uction in strength is apparently caused by surface degradation 
which occurs during oxidation at high temperatures. The predominant 
oxidation product on hot-pressed Si-?^ after long-term oxidation at 
temperatures in the range 2000-2500^F is MgS^. This MgSiOs can react 
with the Si^N^ substrate causing formation of microcavities on the surface. 
As oxidation progresses, sharp microcavities are formed on the surface 
causing sharp reduction in strength of the material.  However, with further 
oxidation, at some stage the microcavities on the surface become only 
shallower and wider, and the further effect on strength is not as great 
as from the formation of initialvsharp cavities.  This is illustrated 
schematically in Figure 7.18.  Thus, after the first few hundred hours of 
oxidation, the strength becomes practically constant. 

Si3N4 Unoxidized 

l 
Oxide 1   .•:;■•^;:^:v^?■:>v:V•:^;•:^^^■.■\■-•;••^^••.v.•;;■ 

1    S|3N4 
T 

i 
Oxide 1   ^V'i^v ••'S 

Initial Oxidation 
first few hundred hours) 

Long-term Oxidation 

Figure 7.18 Schematic Representation of Surface Oxidation of Hot-Pressed 

Si3N4 
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7.3.3 EVALUATION OF CHEMICALLY-VAPOR-DEPOSITED Si3N4 COATINGS ON 

HOT-PRESSED SILICON NITRIDE 

It has been shown previously by extensive oxidation studies that MgO, 
which is used as a densification aid for hot-pressing SisN^ diffuses 
outwards during oxidation and forms MgSiO on the surface.  In addition, 
other mixed silicates of various impurities present in the hot-pressed 
material (e.g. (Ca, Mg] S^) are also observed in the surface oxide 
layer on hot-pressed Si3N4. These silicates react with substrate Si3N4 
and adversely affect the strength of the material.  In an attempt to 
eliminate or reduce this oxidative degradation in strength, a surface 
coating program was initiated to provide much greater oxidation-resistance 

than monolithic hot-pressed Si3N4 normally exhibits. 

Experimental 

The following coatings were deposited on Norton's NC-132 Si3N4 for 

purposes of preliminary screening: 

(a) Al203 

(b) Hf02 

(c) SiC 

(d) SiC/Si3N4 

(e) Si3N4 

These coatings were formed by chemical vapor deposition process by 
Materials Technology Corporation, Dallas. The thickness of the coatings 
varied from about 1 to 10 mils. These were the first attempts by the 
Materials Technology Corporation to deposit coatings on hot-pressed 
Si3N4.  For this reason, the coatings were not very uniform in thickness, 
and contained many imperfections such as microcracks, porosity, etc. 

The Si3N4 samples with above coatings were oxidized in air at 2500oF 
for up to 100 hours. All specimens, except those coated with CVD-S13N4, 
showed severe cracking and spalling on the surface which could be seen 
with the unaided eye. These coatings, thus, did not provide the hot- 
pressed Si3N4 material with any protection against oxidation. The 
cracking and spalling was not completely unexpected because of the 
significant differences in the thermal expansion coefficients bet./een 
the coatings and the hot-pressed Si3N4. For this reason, it is believed 
that under cyclic thermal conditions, CVD-Si3N4 has the best potential 
for providing protection to hot-pressed Si3N4 since (i) the thermal 
expansion coefficients of CVD~Si3N4 and hot-pres5ed Si3N4 are nearly 
identical, and (ii) pure CVD-Si3N4 possesses extremely high oxidation 
resistance due to the formation of pure Si02 on the surface. Further 
efforts, therefore, have been concentrated on the deposition and 

evaluation of pure CVD-Si,^ coatings. 

Initial Si3N4 coatings were deposited on Norton's NC-132 by the 
Materials Technology Corporation by chemical vapor deposition  The 
thickness of these coatings was -2.5 mil. Figure 7.19 shows the coatiirg in 
cross-section before any oxidation.  It is evident from this micrograph 
that the coating contained numerous microcracks and porosity. The 
coated specimens were oxidized in air at 2500eF for periods ranging from 
20 to 300 hours. The coated specimens exhibited oxidation rates similar 

i 
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to that of uncoated hot-pressed Si-^.  The predominant oxidation product 
was MgSiOj.  This shows that the diffusion of magnesium through the coatinj 
was extremely rapid and that this mi^ht he due to the presence of porosity 
and microcracks in the coating.  Tht flexural strength of the coated 
si3N4 specimens was reduced to ^34,800 psi after 300 hours of oxidation 
at 2500oF. Thus, the CVD-Si3N4 coating deposited by Materials Technology 
Corporation did not provide any protection against, oxidative strength 
reduction in hot-pressed Si^N^. 

Ni-Plating 

CVD-Si3N4 Coating 

Hot Pressed Si.N. 
3 4 

Figure 7.19 CVD Si3N4 Coating On Hot-Pressed Si N. (Deposited by Materials 
Technology Corp.) 200X 

The vendor subsequently made several changes in the chemical vapor 
deposition process for Si3N4 by varying gas flow rates, substrate 
temperature and the surface cleaning method for hot-pressed Si3N4 before 
coating. Unfortunately, all coatings received from Materials Technology 
continued to be non-uniform in rhLkness and to contain numerous micro- 
crack..  Those coatings did not provide any protection against oxidation 
to the hot-pressed SijN^ An in-house investigation was initiated to 
optimize the chemical vapor deposition process in an effort to obtain 
dense crack-free 813^ coatings on hot-pressed 813^. 

The deposition of silicon nitride coatings at Westinghouse was 
carried out in a horizontal quartz reaction chamber through which a 
gaseous mixture of silane (SiH^, N2, NH3 and H2 was continuously passed. 
The hot-pressed 813^ specimens, in the form of 1/8" x 1/4" x 1-1/8" 
rectangular bars, were thoroughly cleaned and placed inside the reaction 
chamber on a graphite susceptor, which was precoated with CVD-Si N . The 
susceptor was heated by a RF induction heater.  During this process, 
silane reacts with ammonia and nitrogen to ^orm 813^ coating on the 
heated hot-pressed Si3N4 specimens according to the following reactions: 

I 
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3SiU4 + 4NH 

3SiH + 2N - 

Si3N4 + 12H2 

Si3N4 + 6H2 

. 



An excess of hydrogen in the gas mixture is used to suppress the premature 

decomposition of si lane. 

In initial experiments, the deposition rates were extremely small, 
of the order of 0.1 mil/hr.  Moreover, the Si3N4 coating tended to spall 
upon heating to 2500oF. This spalling was apparently due to the thin 
film of SiO which always exists on hot-pressed SijN^ specimens.  In order 

to prevent this problem and to increase the deposition rates, numerous 
experimental runs were made to assess the effect of:  1) the surface 
cleaning methods for hot-pressed Si3N4 before coating, 2) the ratio of 
different constituents in the gas mixture, 3) the total gas flow rate, 
and 4) the substrate temperature. The best coatings were obtained under 

the following conditions: 

(a) In-situ cleaning of the surfaces of the hot-pressed 813^ 
specimens by exposing them to a gas mixture of H2-l% HC1 at 
2100oF for about two minutes. 

(b) Using a gas mixture containing approximately 0.3% Silfy, 
9.3% H2, 22% NH7 ^nd 68.4% N2. 

(c) Using total gas flow rate of about 45 liters/min, and 

(d) Keeping the hot-pressed 813^ substrate at ^1600"?. 

Under these conditions, very dense and unifor;; 113N4 coatings were formed 
at a deposition rate of 0.8 mil/hr. A micrographic cross-section of the 
Si3N4 coating, thus produced, is shown in Figure 7.20.  It is evident from 
this micrograph that the coating is free of any porosity or microcracks. 
Si3N4 coatings have now been deposited on about 20 samples for detailed 

evaluation. 

Ni-Plating 

CVD-SINL   Coating 
3  4 

Hot-Pressed Si,N. 

Figure 7.20 CVD Si3N4 Coating On Hot-Pressed Si3N4 (Deposited by Westing- 
house Research Laboratories) 500X 
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Preliminary oxidation experiments on the coated specimens indicate 
that the diffusion of magnesium through the coating is extremely rapid. 
The coated samples are presently being oxidized at 2500°? for 
different periods of time.  In these oxidized specimens, the magnesium 
concentration profile will be determined through the coating and the oxide 
layer to obtain an estimate of the magnesium diffusion rates. This will 
aid in the estimation of a minimum coating thickness for prevention of 
magnesium diffusion to the outer surface, and thus reduce oxidative losses 

in strength of hot-pressed Si^. 
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ABSTRACT 

"The demonstration of uncooled brittle materials in structural applications at 
2500oF is the objective of the "Brittle Materials Design. High Temperature Gas Turbine 
program  Ford Motor Company, the contractor, will utilize a small vehicular gas 
turbine while Westinghouse. the subcontractor, will use a large stationary gas turbine. 
Both companies had in-house research programs in this area prior to this contract. 

. A significant achievement in the vehicular turbine project was the successful 
engine test. 175 hours at 1930oF. of a silicon nitride stator. Durability testing on a 
no.e cone was extended to 246 hours, equalling the previously demonstrated durability 
Öfl45 hours on 1st and 2nd stage rotor tip shrouds.  A "Refel" silicon carbide combustor 
previously demonstrated 171 hours durability, crack-free, including 20 hours at 2500 F. 
^,■0 additional combustors of the same material were tested for 10 hours each. ^ 
hours of testing the stationary ceramic flowpath at 2500'F were accumulated; non-catas- 
trophic cracks occurred in the nosecone and stator after surviving three hours crack-free. 
Two stator vanes survived 1000 cycles to 2500-2600»F plus 5720 cycles to 2900 F m the 
thermal shock rig. A poor quality partially bladed duo-density silicon nitride turbine 
rotor was tested^or two hours with excursions to 1920»F and 35.600 rpm >• J°« f^Jf"„ 
Two ceramic rotors with short blades were successfully proof spun to 64,000 rpm. cold, as 
part of a program to test ceramic rotors with phased increases in blade height. One 
of seven hot pressed rotor hubs, spun to determine material strength, achieved 111,800 

rpm before failure. 

A concentrated effort on turbine rotor fabrication development was initiated- 
Improvements in the rotor fabrication processes have been made.  Reduction °f ^ ^ 
content increased the hot strength of the hot-pressed silicon nitride rotor hub material. 
Over 500 rotor blade rings were fabricated using the injection molding process and some 
high density rotor blade rings were also fabricated by slip-casting  The J««r »*""~ 
Design D- rotor blade ring injection molding tooling was received and checkout initiated. 
Improvements in the nitriding cycle and injection molding process produced 2-7 f"/™ 
test bars with a characteristic 4 point bend strength of 44.5 ksi with a Weibull slope 
of 6 8- this represents a considerable improvement over the 17,000 psi strength ot 
2 5 gn./cm3 silicon nitride developed earlier in the program. A stress rupture test on 
2 7 gm/cm^ injection molded material was suspended without failure after 11^9 hours at 
2500-2400oF and stresses in 4 point bending of up to 35 ksi. This is a significant 
improvement over a previous creep test on 2.55 gm/cmS material when failure occurred at 

35 ksi at 2300^. 

TTie goal of the stationary turbine project is to demonstrate ceramic stator vanes 
operating at a maximum temperature of 2500oF for 100 cycles simulating peaking service 
conditions. The original goal to accomplish this in an advanced gas turbine engine was 
revised to complete the demonstration in a static test rig. Sixty cycles have been 
coIpleJed in the static test rig with the total time at temperature (2500' ) approaching 
three hours and three of the original eight vanes remain crack-free.^Twenty-eight 
tapered-twisted silicon nitride airfoils ar.d 24 end caps of the 3rd generation (advanced 

turbine) iesign wern received for the 2500oF static rig test.  P^1"1 ^7^" 
of the boron nitrid: insulators are reported. A tensile «aep test of NC-132 s icon 
nitride was suspended without failure after 10,000 hours at 2100 F and 10.000 P»*; 
Ke effect of static oxidation in the 2000-2500üF range on the high temperature strength 
of NC-132 was determined.  Several CVD coatings were applied to NC-132 to reduce tne 
strength degradation observed due to oxidation; preliminary results are P1"^:,. 
Experimental silicon nitride billets hot-pressed with yttna showed negligible weight 

2ains at 1800 and 2500
oF in an oxidizing atmosphere for periods up to 300 hours. 

High purity alpha silicon nitride powder of low oxygen content can now be produced 

at the rate of 8-9 kg/month. 
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